University of Arkansas, Fayetteville

ScholarWorks@UARK
Graduate Theses and Dissertations
12-2016

Si-based Germanium-Tin (GeSn) Emitters for Short-Wave Infrared
Optoelectronics
Seyed Amir Ghetmiri
University of Arkansas, Fayetteville

Follow this and additional works at: https://scholarworks.uark.edu/etd
Part of the Electronic Devices and Semiconductor Manufacturing Commons, and the VLSI and
Circuits, Embedded and Hardware Systems Commons

Citation
Ghetmiri, S. (2016). Si-based Germanium-Tin (GeSn) Emitters for Short-Wave Infrared Optoelectronics.
Graduate Theses and Dissertations Retrieved from https://scholarworks.uark.edu/etd/1824

This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for
inclusion in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more
information, please contact scholar@uark.edu.

Si-based Germanium-Tin (GeSn) Emitters for Short-Wave Infrared Optoelectronics

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy in Microelectronics-Photonics
by

Seyed Amir Ghetmiri
University of Shiraz
Bachelor of Science in Physics, 2004
Shahid Bahonar University of Kerman
Master of Science in Photonics, 2009

December 2016
University of Arkansas

This dissertation is approved for recommendation to the Graduate Council.

Dr. Shui-Qing (Fisher) Yu
Dissertation Director

Dr. Gregory Salamo
Dissertation Co-Director

Dr. Hameed A. Naseem
Committee Member

Dr. Simon Ang
Committee Member

Dr. Zhong Chen
Committee Member

Dr. Rick Wise
Ex-Officio Member

The following signatories attest that all software used in this dissertation was legally licensed
for use by Seyed Amir Ghetmiri for research purposes and publication.
__________________________________

__________________________________

Seyed Amir Ghetmiri, Student

Dr. Shui-Qing (Fisher) Yu, Dissertation Director

This dissertation was submitted to http://www.turnitin.com for plagiarism review by the
TurnItIn company’s software. The signatories have examined the report on this dissertation that
was returned by TurnItIn and attest that, in their opinion, the items highlighted by the software
are incidental to common usage and are not plagiarized material.
__________________________________

__________________________________

Dr. Rick Wise, Program Director

Dr. Shui-Qing (Fisher) Yu, Dissertation Director

Abstract
Conventional integrated electronics have reached a physical limit, and their efficiency
has been influenced by the generated heat in the high-density electronic packages. Integrated
photonic circuits based on the highly developed Si complementary-metal-oxide-semiconductor
(CMOS) infrastructure was proposed as a viable solution; however, Si-based emitters are the
most challenging component for the monolithic integrated photonic circuits. The indirect
bandgap of silicon and germanium is a bottleneck for the further development of photonic and
optoelectronic integrated circuits.
The Ge1-xSnx alloy, a group IV material system compatible with Si CMOS technology,
was suggested as a desirable material that theoretically exhibits a direct bandgap when Sn
composition increases. Last decade, efforts were made to develop high quality Ge1-xSnx films on
Si substrate using commercial reactors. Moreover, the effect of Sn composition on the bandgap
energy of Ge1-xSnx alloys was theoretically investigated.
In this work, the development of Si-based Ge1-xSnx emitters was pursued with study the
temperature-dependent bandgap emission of Ge1-xSnx structures for the short-wave infrared
(SWIR) wavelength range (between 1.5 to 3 µm). The photoluminescence (PL) emissions from
the bandgap of Ge1-xSnx films were investigated and a direct bandgap Ge1-xSnx was
demonstrated for the first time based on the careful analysis of the PL spectra line-width and
also the strain-dependent bandgap concept. In addition, the Ge1-xSnx advanced structure
including SiGeSn/GeSn/SiGeSn single quantum well (QW) and Ge/Ge0.92Sn0.08/Ge double
heterostructures (DHS) were studied. The GeSn QW PL emission was scrutinized from 10 to
300 K and the carrier confinement was analyzed through band offset calculations in the QW
structure. Moreover, the electrical and optical characteristics of n-i-p Ge/Ge0.92Sn0.08/Ge light
emitting diodes (LEDs) with surface emitting and edge emitting configurations were examined

at different temperatures. Additionally, the lasing performance from the DHS
Ge/Ge0.89Sn0.11/Ge waveguide was experimentally investigated based on the concept of direct
bandgap Ge1-xSnx films and the confinement of carriers and optical field within the
Ge/Ge0.89Sn0.11/Ge structure. Finally, an optimized QW design has been proposed that features a
direct bandgap Ge0.9Sn0.1 QW with Type-I band alignment favorable for the high carrier
confinement and low threshold Ge1-xSnx QW devices.

Acknowledgement
I would like to express my sincere gratitude to my advisor, Dr. Shui-Qing (Fisher) Yu,
for his motivation, knowledge and immense support in my PhD study. Dr. Yu’s advice on my
PhD research as well as his professional skills in managing a research work are a great learning
opportunities for me to be successful in my future career.
I would like to thank my dissertation committee members: Dr. Greg Salamo, Dr.
Hameed Naseem, Dr. Simon Ang, Dr. Zhong Chen and Dr. Rick Wise, for serving as my
committee members and for their insightful comments and encouragement.
Many thanks to ASM, Dr. John Tolle, and Joe Margetis for providing the SiGeSn and
GeSn samples used in this research work. Without their efforts on preparation of high quality
material growth technique, it was impossible to investigate the characteristics of GeSn and
SiGeSn structures.
I also want to express my deep appreciation to Dr. Wei Du, Dr. Salman Mosleh, and Dr.
Amjad Nazzal, Dr. Jifeng Liu, Prof. Greg Sun, and Prof. Richard Soref for their priceless help
on the theoretical and experimental studies of GeSn materials and devices.
My special thanks extend to Sattar Al-Kabi, Yiyin Zhou, and other research group
members who helped me either with the experiments or develop scientific discussions in the
research.
Last but not least, I would like to thank my family who supported me with a lot of
motivations and prayers during my entire life.
This work was supported by the National Science Foundation (NSF) under DMR1149605, the Defense Advanced Research Projects Agency (DARPA) under W911NF-13-10196, the Air Force Office of Scientific Research (AFOSR) under FA9550-14-1-0205,
Arktonics, LLC (AFOSR, FA9550-16-C-0016) and NASA EPSCoR (NNX15AN18A).

Dedication
To my family

Table of Content
Chapter 1. Introduction.................................................................................................................. 1
1.1 Motivation ............................................................................................................................1
1.2 Germanium-based optoelectronic emitters ...........................................................................2
1.3 Germanium Tin-based optoelectronic emitters; A new approach ........................................4
1.3.1

Band structure of GeSn alloy ................................................................................... 7

1.4 Organization .......................................................................................................................10

Chapter 2. Growth technique and characterization testing setups ............................................... 12
2.1 (Si)GeSn film growth .........................................................................................................12
2.1.1
2.1.2

Growth of GeSn films ............................................................................................ 12
Growth of SiGeSn films ......................................................................................... 17

2.2 Optical characterization testing setups ...............................................................................19
2.2.1
2.2.2
2.2.3

Photoluminescence setup ....................................................................................... 19
Optical pumping setup............................................................................................ 23
Electroluminescence setup ..................................................................................... 25

Chapter 3. Photoluminescence (PL) study of GeSn films ........................................................... 27
3.1 Motivation ..........................................................................................................................27
3.2 Growth and characterization of GeSn films .......................................................................28
3.3 Photoluminescence measurements of thin GeSn structures ...............................................30
3.4 Observation of a TRUE direct bandgap GeSn alloy ..........................................................37
3.5 Photoluminescence measurements of thick GeSn films ....................................................46
3.5.1
3.5.2
3.5.3

Growth mechanism of thick GeSn films ................................................................ 46
Material characterization of thick GeSn films ....................................................... 47
PL measurement on the thick GeSn films .............................................................. 48

Chapter 4. Study of SiGeSn/GeSn/SiGeSn quantum well structures .......................................... 52
4.1

Motivation ....................................................................................................................52

4.1

Growth and material characterization of SiGeSn/GeSn QW structures .......................53

4.2

Photoluminescence study of SiGeSn/GeSn/SiGeSn QW structures ............................56

4.3

Band structure calculation of SiGeSn/GeSn QWs .......................................................58

4.4

Photoluminescence study of SiGeSn/GeSn/SiGeSn quantum wells using different

excitation lasers ........................................................................................................................64
4.4.1 Excitation energy and penetration depth of the different laser sources ................. 65
4.4.2 Experimental procedure ......................................................................................... 67
4.4.3 Results of PL measurements on SiGeSn/GeSn QW samples using different
excitation lasers ................................................................................................................... 69
4.4.4 PL study of the SiGeSn films identical to the barriers used in
SiGeSn/GeSn/SiGeSn QW structure ................................................................................... 72

Chapter 5. Electroluminescence (EL) study of n-i-p GeSn double heterostructures .................. 79
5.1 Motivation ..........................................................................................................................79
5.2 Material Growth and characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS ...........................80
5.3 Optical characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS .................................................82
5.4 The Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diodes ...............................................86
5.4.1
5.4.2
5.4.3

Fabrication of Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diodes ................... 86
Electrical characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting
diodes...................................................................................................................... 87
Optical characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diodes ..
............................................................................................................................. 89

5.5 The Ge/Ge0.92Sn0.08/Ge n-i-p DHS edge emitting diodes ...................................................91

Chapter 6. Lasing from optically pumped direct bandgap GeSn ridge waveguides ................. 100
6.1

Motivation ..................................................................................................................100

6.2

Growth and characterization of direct bandgap GeSn sample ...................................101

6.3

Fabrication of GeSn ridge waveguide ........................................................................104

6.4

Optical pumping measurement on the direct bandgap GeSn .....................................106

6.5

Characterization of optically pumped GeSn laser ......................................................107

Chapter 7. Summary and future work ....................................................................................... 112
7.1 Summary and Conclusion ................................................................................................112
7.2 Future work ......................................................................................................................115

References ................................................................................................................................. 123
Appendix A: Optical Alignment Procedure .............................................................................. 137
Appendix B: List of Parameters Used in 6-band K.P Bandgap Calculation ............................. 139
Appendix C: Description of Research for Popular Publication ................................................ 140
Appendix D: Executive Summary of Newly Created Intellectual Property ............................. 142
Appendix E: Potential Patent and Commercialization Aspects of Listed Intellectual Property
Items .......................................................................................................................................... 143
E.1 Patentability of Intellectual Property (Could Each Item be Patented) .............................143
E.2 Commercialization Prospects (Should Each Item Be Patented) ......................................143
E.3 Possible Prior Disclosure of IP ........................................................................................144
Appendix F: Broader Impact of Research ................................................................................. 145
F. 1 Applicability of Research Methods to Other Problems ..................................................145
F. 2 Impact of Research Results on U.S. and Global Society ................................................145
F. 3 Impact of Research Results on the Environment ............................................................145
Appendix G: Microsoft Project for MicroEP PhD Degree Plan ............................................... 147
Appendix H: Identification of All Software Used in Research and Dissertation Generation ... 148
Appendix I: All Publications Published, Submitted and Planned ............................................. 149
I. 1 List of Peer Reviewed Published Works (Reverse Chronological) .................................149
I. 2 List of Conference Proceedings and Publications ...........................................................151
I.3 List of Submitted Works ...................................................................................................153

I.4 List of Planned Works ......................................................................................................153
Appendix J. Taken From Author’s Published Works ............................................................... 154

List of Figures
Figure 1.1. The effect of tensile strain and heavily n-doping on the bandgap structure of Ge is
presented in a schematic diagram. [41]. .................................................................................3
Figure 1.2. The fraction of carriers occupying the Γ valley versus the bandgap energy
difference between the Γ and L valley (ΔEΓ-L) in Ge [42], [43].............................................4
Figure 1.3. (a) The comparison between the spectral detectivity (D*) of the GeSn photodiodes,
fabricated and characterized in the U of A, and the commercialized detectors available in
the market [91]. (b) The first results of optically-pumped GeSn lasers demonstrated by
the PGI-9 group and their collaborators [92]. ........................................................................6
Figure 1.4. Band structure of Ge and α-Sn [93]. ............................................................................7
Figure 1.5. Changes in the bandgap energies of Γ and L valleys versus the Sn percentage in
GeSn alloy for strained-relaxed (solid lines) and also a typical compressive-strained
(dashed lines) GeSn films [96]. ..............................................................................................9
Figure 1.6. Schematic diagram of the bandgap of GeSn alloy (a) before and (b) after the
crossover point for a strain-relaxed GeSn film. [97]. .............................................................9
Figure 2.1. (a) Random and aligned spectra of a GeSn sample with 7% Sn composition. [75].
(b) The XRD 2theta-omega (2θ-ω) scans for GeSn films grown on Ge-buffered Si with
different Sn incorporation from 1% to 12%. [104]. .............................................................13
Figure 2.2. The RSM plot of (a) a pseudomorphic Ge0.94Sn0.06 thin film grown on Ge buffer
with a thickness lower than critical thickness (b) a partially relaxed Ge0.93Sn0.07 film
grown on Ge buffer with a thickness higher than the critical thickness. The RSM plot of
Ge0.97Sn0.03 films with a thickness of (c) 76nm and (d) 128 nm [74]. ..................................15
Figure 2.3. The cross-sectional TEM image of (a) the Ge0.94Sn0.06 thin film with 85 nm
thickness pseudomorphically grown on top of Ge buffer and (b) the thick Ge0.9Sn0.1
relaxed film with 810 nm total thickness. ............................................................................16
Figure 2.4. (a) The XRD 2theta-omega scans of the SiGeSn samples with specified Si and Sn
compositions grown on Ge-buffered Si substrate. (b) The (224) RSM contour plot of the
Si0.13Ge0.804Sn0.066 shown on top and Si0.19Ge0.783Sn0.027 shown at the bottom [108]. ..........18
Figure 2.5. (a) The cross-sectional TEM image of the SiGeSn sample with 13% Si and 6.6%
Sn. (b) The high-resolution TEM image of the interface between SiGeSn and Ge buffer
indicate the high crystalline quality of the film [108]. .........................................................19
Figure 2.6. The schematic diagram of the home-built off-axis PL setup designed and
constructed for infrared PL measurements from cryogenic to room temperature. ...............20

Figure 2.7. The normalized room temperature PL spectra of GeSn samples with Sn
compositions from 0% to 12%. ............................................................................................23
Figure 2.8. The schematic diagram of the home-built optical pumping setup designed and
constructed to study optically-pumped GeSn waveguide laser at different temperatures....24
Figure 2.9. The schematic diagram of the home-built EL setup designed and constructed for
infrared EL measurements from cryogenic to room temperature. .......................................26
Figure 3.1. (a) High-resolution TEM image of the Ge0.93Sn0.07 layer grown on a Ge buffer and
Si substrate. (b) 2θ-ω scans of the GeSn samples are resolved for each of the different Sn
mole fractions [117]. ............................................................................................................29
Figure 3.2. (a) Room temperature PL spectra were collected for the 0% (Ge buffer), 0.9, 3.2,
6 and 7 % Sn mole fraction. (b) The fitting procedure used to extract the different emission
spectra (the sample with 3.2% Sn) [117]..............................................................................31
Figure 3.3. The bowed Vegard’s law interpolation for the direct and indirect bandgap of GeSn
alloy is plotted for different Sn compositions and is overlaid with experimental data. The
asterisks show the indirect bandgaps and the diamonds represent the direct bandgap
energy [117,118]...................................................................................................................32
Figure 3.4 (a) Temperature-dependent PL spectra of GeSn sample with 3.2% Sn composition.
Curves are stacked for clarity. The direct band gap and indirect bandgap emission peaks
are marked by arrows. (b) The ratio between integrated PL intensity of direct and indirect
peaks at temperatures from 225 K to 300 K. ........................................................................33
Figure 3.5. Temperature-dependent PL measured on Ge0.93Sn0.07 illustrates the changes in PL
spectra from 10 to 300 K. [117]. ..........................................................................................34
Figure 3.6. The PL peak positions for different temperatures of the direct (red circles) and
indirect (blue triangles) gaps for (a) Ge buffer (0% Sn), (b) Ge0.991Sn0.009, (c)
Ge0.968Sn0.032, and (d) Ge0.94Sn0.06 [117] ...............................................................................36
Figure 3.7 The effect of compressive strain and Sn composition in the indirect-to-direct
bandgap transition at room temperature. [96]. .....................................................................39
Figure 3.8 The TEM image of the Sample D showing the crystal quality of the GeSn epilayer
on top of the Ge buffer. Inset figure is the 2θ-ω scan showing the Ge and GeSn peaks in
samples A, B, C, and D [96].................................................................................................40
Figure 3.10. (a) The line-width of the PL peaks as a function of temperature for samples B, C,
and D. (b) Sn composition-dependent bandgap energies at room temperature. ...................44
Figure 3.11. (a) The TEM image of the sample with 10.9% Sn composition and ~ 600 nm total
thickness of the GeSn layers. (b) The 2θ-ω XRD scan from (004) plane of the thick GeSn
films. The RSM plot of sample C is shown in the inset. ......................................................47

Figure 3.12. The normalized PL spectra of thick GeSn samples (samples A to C) at room
temperature [104]. ................................................................................................................49
Figure 3.13. The comparison between the PL spectra of sample A and C at 10 K (a) and 300
K (b). (c) The temperature-dependent PL of sample B from 10 K to 300 K. ......................50
Figure 4.1. (a) Schematic of the QW sample cross-section (not to scale); (b) typical TEM image
of sample B. ..........................................................................................................................53
Figure 4.2. The XRD 2θ- scan of sample B. The gray and red curves are experimental data
and simulation results, respectively. Inset: The RSM shows that each layer was grown
pseudomorphically to the Ge buffer. ....................................................................................55
Figure 4.3. Temperature-dependent PL spectra of (a) sample A and (b) sample B. ....................57
Figure 4.4. SiGeSn/GeSn/SiGeSn SQW electronic band structure for (a) sample A and (b)
sample B. ..............................................................................................................................62
Figure 4.5. (a)Illustration of excitation energy of the three lasers used to study the emission of
the QW samples. (b) Estimated penetration depth of the three lasers inside the QW
structures. None of the diagrams are to scale. ......................................................................66
Figure 4.6. The PL spectra of sample A at 10 K (a) and 300 K (b) using 532 nm CW laser,
1064 nm pulsed laser and 1550 nm CW laser with different power densities. The PL
spectra of sample B at 10 K (c) and 300 K (d) using the same lasers with the same power
densities are also presented. .................................................................................................70
Figure 4.7. The comparison between the PL spectra of samples A and C at 10 K (a) and 300 K
(b) and the PL spectra of samples B and D at 10 K (c) and 300 K (d) using 532 nm CW
laser.......................................................................................................................................74
Figure 4.8. The comparison between the PL spectra of samples A and C at 10 K (a) and 300 K
(b) and the PL spectra of samples B and D at 10 K (c) and 300 K (d) using 1064 nm pulsed
laser.......................................................................................................................................75
Figure 4.9. The comparison between the PL spectra of samples A and C at 10 K (a) and 300 K
(b) and the PL spectra of samples B and D at 10 K (c) and 300 K (d) using 1550 nm CW
laser.......................................................................................................................................77
Figure 5.1 (a) TEM image of the Ge/Ge0.92Sn0.08/Ge nip DHS sample shows thicknesses and
the quality of epilayers. (b) The RSM plot from (224) plane of each layer. The GeSn layer
was partially relaxed. The 2θ-ω XRD scan is presented in the inset....................................81
Figure 5.2. (a) Temperature-dependent PL spectra of Ge/Ge0.92Sn0.08/Ge n-i-p DHS sample.
(b) Power-dependent PL measurements at 300 K. [132]. ....................................................83
Figure 5.3. Band alignment of the GeSn together with the p-Ge buffer and n-Ge cap. ...............85

Figure 5.4. (a) Schematic cross-sectional view of the GeSn LED device. (b) The optical image
of the device with 100 µm diameter [154]. ..........................................................................87
Figure 5.5. The I-V characteristic of the GeSn DHS surface emitting diode. ..............................88
Figure 5.7. (a) The schematic diagram of the GeSn DHS edge emitting LED with 80 µm stripe
width. (b) Top view of the microscopic image of the fabricated edge emitting devices
with three different stripe widths. The p-contacts had the same widths of 120 µm. ............92
Figure 5.8. Scratches due to the needles tip and burnt spots that appeared once injected current
went beyond 0.5 A. ...............................................................................................................94
Figure 5.9. (a) Schematic demonstration of provided chip and wire-bonded edge emitting
device. (b) The 75 µm size gold balls on top of the p- and n-contacts of the edge emitting
device. ...................................................................................................................................95
Figure 5.10. (a) The room temperature I-V characteristic of the GeSn edge emitting LEDs with
80 µm and 120 µm stripe width after the wire-bonding process. (b) The EL spectra of
both samples from 1400 nm to 2400 nm wavelength...........................................................96
Figure 5.11. The schematic EL setup (described in Chapter 2) and the specifically designed
sample holder for the EL measurement of the edge emitting LED. .....................................97
Figure 5.12. (a) The temperature-dependent I-V measurement of the 80 mm width edge
emitting GeSn DHS LED. (b) The current density-dependent EL of the sample at room
temperature indicating the increase in the EL spectrum once current density elevated. (c)
The temperature-dependent EL measurements of the sample under 1.5 kA/cm2 current
density...................................................................................................................................98
Figure 6.1. (a) Cross-sectional TEM image of the 1 µm thick GeSn used in the GeSn
waveguide fabrication for optical pumping measurements. (b) RSM of the strain-relaxed
GeSn sample with different relaxations and Sn compositions is plotted. ..........................102
Figure 6.2. Temperature-dependent PL of the direct bandgap thick GeSn film (Sn=10.9%).
The inset shows increasing of the integrated PL intensity with decreasing the temperature
due to the dominant direct transition and deactivation of the defects. ...............................103
Figure 6.3. (a) A optical microscopic image of the fabricated GeSn waveguides with cavity
widths of 1 to 5 µm. (b) A zoomed-in image of the waveguide with 5 µm cavity width. .104
Figure 6.4. The SEM images of the fabricated GeSn ridge waveguide with (a) 3 µm and (b) 5
µm width.............................................................................................................................105
Figure 6.5. The temperature-dependent L-L curves from the GeSn waveguide with 930 µm
length and 5 µm width. .......................................................................................................107

Figure 6.6. The PL spectra of the GeSn sample at 77 K (red color) and 300 K (brown color)
before fabricating into a GeSn waveguide and the laser spectrum (blue color) collected
from the facet of the waveguide in the optical pumping measurement at 77 K. ................109
Figure 6.7. The 1D optical field distribution of TE0 mode in the Ge/GeSn/Ge DHS with
specified refractive index obtained from ellipsometry measurement. ................................110
Figure 7.1. Proposed structure that offers a direct bandgap GeSn QW with Type-I band
alignment and sufficient carrier confinement. ....................................................................116
Figure 7.2. Contour plot demonstrating the energy difference between the Γ and L valleys of
the pseudomorphic GeSn QW with a relaxed GeSn as a buffer.........................................117
Figure 7.3. The conduction band offset between the Ge0.9Sn0.1 QW and GeSn buffer/barrier
layers are shown as contour lines. ......................................................................................118
Figure 7.4. (a) Band offset between the conduction band of Ge0.9Sn0.1 QW and SiGeSn
cladding layer lattice matched to Ge0.95Sn0.05 buffer/barrier. (b) The band offset between
the valence band of Ge0.9Sn0.1 QW and SiGeSn cladding layer lattice matched to
Ge0.95Sn0.05 buffer/barrier. ..................................................................................................120
Figure 7.5. Band alignment of proposed QW structure designed to provide a direct bandgap
GeSn QW with Type-I band alignment and sufficient carrier confinement within the QW
region. .................................................................................................................................121

List of Tables
Table 3.1. Sn Composition, Thickness, Strain, and FWHM of GeSn thin films [117]. ...............30
Table 3.3. Information of GeSn samples in this study. ................................................................40
Table 3.4. Summary of measurement results of samples in this study ........................................48
Table 4.1. Information of QW samples in this study ...................................................................55
Table 4.2. Fitting parameters extracted by Varshni’s relation fitting ..........................................58
Table 4.3. Bowing parameters of the gamma and L valleys extracted from Ref. 142, 144. ........60
Table 4.4. Summary of SiGeSn/GeSn/SiGeSn SQW band structure ...........................................63
Table 4.5. The penetration depth (nm) of the layers used in the QW structures of sample A and
B at 532, 1064, and 1550 nm wavelengths. ..........................................................................65
Table 4.6. The summarized information of the average power, power densities and the number
of incident photons on the samples generated by lasers. ......................................................68
Table 5.1. Summary of material characterization of GeSn n-i-p structure. .................................82

Chapter 1. Introduction
1.1 Motivation
Ever increasing demand for data transmission as well as decreasing the size of
microelectronic chips has become a challenge for researchers in the field of microelectronics.
The current technology, including electrical connections with nanometer scale transistors,
experiences a bottleneck in the speed of data transmission and reception [1]–[3]. Moore’s law
approaches its limit, and the traditional transistor-based electronic circuits are not able to provide
the demanded data communication speed due to the power dissipation and heat generation within
electrical interconnects [4], [5]. An innovative approach to solve those issues is to exploit
massless photons instead of electrons in the integrated circuits and establish photonic integrated
circuits (PICs) [6], [7]. The idea of implementing photons in the integrated circuits and using
photon data transmission instead of electrons dates back to 70s after the invention of the laser.
Since then, researchers’ efforts to achieve PICs resulted in presenting different components of
the PICs, including laser sources, optical waveguides, optical modulators, optical interconnects,
and photodetectors. To establish a platform for fabrication of all optoelectronic components on a
single chip, the Si complementary metal-oxide semiconductor (CMOS) technology was
considered as the most feasible and cost-effective solution to deliver CMOS compatible photonic
chips [7]–[9]. The advanced Si photonic devices could take advantage of the mature Si
electronics industry.
During the last decades, monolithically fabricated Si photonic devices based on the Si
CMOS technology were developed. Low-loss waveguides based on Si on insulator (SiO2) [10]–
[16], high-speed germanium (Ge) on Si detectors [17]–[21], and high-speed modulators based on
Si/SiGe quantum well [22]–[24] have already been presented. A highly efficient Si-based light
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source, compatible with a CMOS process, has been a challenge for decades [8], [25], [26]–[28].
The indirect bandgap of Si hinders the possibility of producing emitters based on Si. The current
technology to produce the on-chip light source is based on III-V emitters on Si either through
growing heterogeneous III-V material on Si [25]–[28] or via a chip bonding process to attach IIIV emitting devices on a Si substrate [29], [30]. Technologies implementing group III-V materials
were pursued and the results of those achievements have been applied by several companies such
as Intel, Kotura, Luxtera, Cisco and others; however, the following drawbacks preclude the
implementation of group III-V materials and the other hybrid integration on Si microelectronics.
Either the direct integration of III-V heterostructures on Si or chip bonding has disadvantages
that limit the application of group III-V materials in Si CMOS integration. The required high
temperature (> 450 oC) growth of group III-V devices is not compatible with Si CMOS
integration process due to different thermal expansion coefficient of Si components and III-V
elements [31]–[34]. On the other hand, chip bonding of group III-V optoelectronic devices to Si
microelectronic circuits brings about misalignment issues, introduction of inevitable defects, and
higher costs. Moreover, mass production of costly group III-V materials would not be economic
in the multi-billion-dollar VLSI industry [35]. Therefore, technology of III-V photonic devices
on Si does not provide a CMOS compatible scheme and cost-effective solution for the future of
PICs.

1.2 Germanium-based optoelectronic emitters
The idea of monolithic device integration of group IV materials on Si was first presented
by R. A. Soref in 1992 [8]. Afterward, investigation on the third semiconductor element of group
IV periodic table, germanium (Ge), accelerated unprecedentedly [36], [37]. Although Ge is an
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indirect bandgap semiconductor, the small energy difference (ΔEΓ-L=136 meV) between the
direct and indirect bandgap in Ge exhibits an extraordinary feature in this material. That small
energy difference could be overcome by heavily n-type doping of Ge and/or applying tensile
strain on Ge. Both techniques reduce the difference between direct and indirect bandgap energies
and eventually change the Ge to a direct bandgap semiconductor. As shown in Figure 1.1, by
applying tensile strain on the Ge, the energy gap between Γ and L valleys reduces, and carriers
start to penetrate to the Γ valley. Further carrier injection to the Γ valley occurs with heavily ndoping of Ge [38]–[40].

Figure 1.1. The effect of tensile strain and heavily n-doping on the bandgap structure of Ge is
presented in a schematic diagram. [41].

Based on Figure 1.1, the reduction of the difference between the Γ and L valleys of the Ge
conduction band increases the carrier populations in the Γ valley. Theoretically, in order to
completely compensate the difference between the Γ and L valleys and change the ΔEΓ-L from
136 meV to zero, the minimum doping concentration of n = 8×1018 cm-3 is required. Figure 1.2
3

indicates the fraction of carriers in the Γ valley versus the reduction of ΔEΓ-L from 136 meV to
zero. This graph indicates that once the difference between the direct and indirect bandgaps
reduces, more carriers populate the Γ valley resulting more direct bandgap behavior in Ge

Figure 1.2. The fraction of carriers occupying the Γ valley versus the bandgap energy difference
between the Γ and L valley (ΔEΓ-L) in Ge [42], [43].

Utilizing heavily n-doped Ge with doping concentration of 3×1019 cm-2 led to the first
demonstration of room temperature optically- and electrically-pumped Ge lasers with emission at
~ 1.6 µm [40], [44], [45]. Moreover, 1.5% biaxial tensile strained Ge microdisks exhibited
stimulated emission at wavelength between 1.55 µm to 2 µm [46]–[50]. Those achievements
were the most promising presentation of group IV-based light emitters compatible with Si
CMOS process. However, difficulties in the fabrication of tensile strain Ge and low efficiency of
heavily n-doped Ge lasers precluded those techniques from being the final solution of group IVbased emitters for Si photonics.
1.3 Germanium Tin-based optoelectronic emitters; A new approach
The idea of alloying gray tin (α-Sn) to Ge to achieve a group IV direct bandgap material
was first proposed by Goodman in 1982 based on the analytical studies of the Ge bandgap
4

evolution with Sn incorporation [51]. In the 1990s, in-depth theoretical studies on the direct
bandgap GeSn and SiGeSn materials was initiated showing that the SiGeSn/GeSn technology
with unique optical properties is capable of providing the viable solution for the group IV-based
optoelectronic emitters compatible with Si CMOS platform [52]–[56]. The expansion of the
SiGeSn/GeSn research was held back due to the undesired material quality; however,
developments in chemical vapor deposition (CVD) techniques established a framework for
commercial synthesis of the SiGeSn and GeSn alloys [57]–[61]. In 2002, after the investigation
of the bandgap and lattice structure of GeSn and SiGeSn materials, researchers started to create
GeSn alloys with different growth techniques [53], [62]–[66]. The thorough growth study of
GeSn was led by J. Kouvetakis at Arizona State University [67]–[73] and later pursued by other
researchers, including the GeSn research group at the University of Arkansas (U of A) led by S. Q. Yu [74]–[76].
Through in-depth study on the properties of SiGeSn and GeSn materials, the following
unique capabilities were perceived for the SiGeSn/GeSn system as a foundation of group IV
photonics and optoelectronics applications. 1) The material growth temperature (< 400 oC) is
totally compatible with Si CMOS process. 2) The bandgap of SiGeSn/GeSn could be tuned
based on variation of Si and Sn compositions. 3) A highly desired Type-I band alignment for
group IV emitters is possible through bandgap engineering of GeSn/GeSn and SiGeSn/GeSn
structures. 4) Wavelength coverage from 1 µm to 12 µm is attainable in the band-to-band
transition of SiGeSn/GeSn materials, and longer wavelength can be achieved through intersubband transitions. 5) Relaxed GeSn layers are able to serve a Si-based compliant layer for the
growth of Ge and also III-V materials based on the lattice constant tunability [7], [73], [77]–[85].
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Based on the above figures-of-merit, a variety of studies were performed on the material
and device performance of GeSn and SiGeSn systems. The growth of Ge/GeSn and
SiGeSn/GeSn was investigated using different growth mechanisms and the material
characteristics were in agreement with the theoretical predictions. Moreover, GeSn- and SiGeSnbased devices for the short-wave infrared (between 1.5 to 3 µm) application were fabricated and
scrutinized [86]–[90]. Significant results of the double heterostructure GeSn photodetectors [91],
presented by U of A, and optically-pumped GeSn laser [92], demonstrated by the PGI-9 group in
Germany are presented in Figure 1.3a and 1.3b, respectively.

Figure 1.3. (a) The comparison between the spectral detectivity (D*) of the GeSn photodiodes,
fabricated and characterized in the U of A, and the commercialized detectors available in the
market [91]. (b) The first results of optically-pumped GeSn lasers demonstrated by the PGI-9
group and their collaborators [92].

The GeSn photodetector reported by U of A has a broader detection coverage with longer
wavelength cut-off at 2.4 µm compared to that of the extended InGaAs photodetector. The GeSn
based photodetector produced in U of A is totally CMOS compatible useful for inexpensive
military and civil applications.
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1.3.1 Band structure of GeSn alloy
The semimetal diamond cubic Sn has a conduction band minimum of -0.41 eV at the Γ
valley. The minimum of Γ valley in Ge is 0.79 eV higher than the minimum of the valence band;
however, for α-Sn, the Γ valley minimum is lower than the valence band minimum by -0.41 eV.
Once Sn and Ge are mixed together as a GeSn alloy, both L (indirect bandgap) and Γ (direct
bandgap) valleys of Ge shrinks with rapid decrease of Γ compare to L valley.
Figure 1.4 shows the band structure of Ge and α-Sn. The changes of GeSn bandgap
depends on the percentage of the Sn composition. Bandgap tunability by variation of Sn
percentage is an advantageous capability of GeSn based optoelectronic devices.

Figure 1.4. Band structure of Ge and α-Sn [93].

Changes in the direct and indirect bandgap energies of GeSn alloys based on the variation
of Sn composition are described based on the “bowed” Vegard’s law [94]:

E  g (Ge1 x Snx )  E  gSn ( x)  E  gGe (1  x)  b  GeSn x(1  x)
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Direct bandgap

(Equation 1.1)

E L g (Ge1 x Snx )  E L gSn ( x)  E L gGe (1  x)  b L GeSn x(1  x) Indirect bandgap (Equation 1.2)
where EΓgSn and EΓgGe are direct bandgap energies of Sn and Ge and ELgSn and ELgGe are indirect
bandgap energies of Sn and Ge, respectively. The bΓGeSn and bLGeSn are GeSn bowing parameters
of the direct and indirect bandgaps. The values of the above parameters are shown in Table 1.1.

Table 1.1. Ge and Sn bandgap energies and bowing parameters for GeSn alloy.
E gGe (eV)
EΓgSn (eV)
ELgGe (eV) ELgSn (eV)
bΓGeSn (eV)
bLGeSn (eV)
Γ

0.79

-0.41

0.66

0.09

2.92

0.68

As shown in Figure 1.5, plotting the direct and indirect bandgap energy peaks versus the
Sn composition of GeSn alloy indicates that at a certain point, the Γ valley and L valley become
equivalent (crossover point); thus, the GeSn changes to a direct bandgap material. In Figure 1.5,
the crossover point of a strain-relaxed GeSn film is compared to the crossover point of a
compressive-strained GeSn film with 1.1% strain in the lattice structure. As indicated in the
figure, ~6% Sn is required to provide direct bandgap relaxed GeSn, but ~10% Sn could change
the compressive-strained GeSn film with 1.1% strain in the lattice structure. It clearly indicated
that lower compressive strain in the lattice requires less Sn composition to provide a direct
bandgap GeSn alloy. The discrepancy reported on the Sn composition of the crossover point in
different publications caused by considering different bowing parameters for the Γ valley and L
valley of the conduction band. Also, some publications focused on numerical techniques to
predict the crossover point. Techniques including virtual crystal approximation, density
functional theory, empirical pseudopotential method, local density approximation, and
generalized gradient approximation which were discussed by Gupta et al. [95] . However, there
is no systematic study to establish a solid value for the crossover point of relaxed and strained
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GeSn alloy. Nevertheless, this point will be one of the critical aspects of the design of GeSn
optoelectronic devices.

Figure 1.5. Changes in the bandgap energies of Γ and L valleys versus the Sn percentage in
GeSn alloy for strained-relaxed (solid lines) and also a typical compressive-strained (dashed
lines) GeSn films [96].

Figure 1.6 illustrates the change in the GeSn bandgap before and after the crossover point. As
indicated, carriers mainly occupy the L valley when Sn composition is lower than the crossover
value and GeSn is still an indirect bandgap material.

Figure 1.6. Schematic diagram of the bandgap of GeSn alloy (a) before and (b) after the crossover
point for a strain-relaxed GeSn film. [97].
9

Once Sn composition exceeds the crossover value, the GeSn becomes a direct bandgap
material, and carriers reside in the Γ valley leading to higher efficient recombination. As noticed,
no heavily n-doping or tensile strain is required to achieve a direct bandgap GeSn alloy. Only an
increase in the Sn composition leads to that turning point. As shown in Figure 1.6, after the
crossover point the population of carriers increases in the Γ valley. The benefit of this
phenomenon is the effective carrier recombination through the direct bandgap which leads to a
highly efficient photon generation from the GeSn material. This advantage could be
implemented in the design of GeSn-based emitters that can compete with the current expensive
III-V emitter technology (a GaAs wafer costs at least 100 times more than Si wafer [98]).
In this work, the GeSn epitaxial films with different Sn compositions were investigated
as the most reliable candidate for the group-IV based optoelectronic emitters compatible with Si
CMOS process. The bandgap emission of GeSn alloys was explored for Sn compositions of 0%
to 12%, and experimental results of the indirect and direct bandgap GeSn materials were
presented. Emission from advanced GeSn device structures including quantum well, a double
heterostructure, and laser cavity waveguides were studied. The results provided in this work is an
inclusive baseline for the GeSn-based optoelectronic emitters compatible with Si photonic
platform.

1.4 Organization
The theoretical and experimental study on the emission of GeSn materials and devices
has been divided into six chapters. In Chapter 2, the GeSn growth technique and material
characterization results are described and the optical characterization testing setups, designed and
constructed for this research, are presented. Chapter 3 covers the detailed investigation on the PL
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measurements on the thin and thick GeSn epitaxial films. The evidence of direct bandgap GeSn
has been discussed and TRUE direct bandgap GeSn is demonstrated. In Chapter 4, the
SiGeSn/GeSn quantum well band structures and carrier confinements in the quantum well region
are studied and the temperature-dependent PL emissions are explored using different excitation
lasers. The GeSn double heterostructures light emitting diodes are inspected in Chapter 5, and
their temperature-dependent electrical, and optical properties are investigated. Chapter 6
describes the initial results of lasing from an optically pumped Ge/GeSn/Ge waveguide structure.
The laser power density threshold and spectrum are presented and methods to further reduce the
threshold power density and achieve higher efficient GeSn lasers are discussed. In Chapter 7, a
summary and conclusion of this work is presented along with the future work suggested to
improve the emission performance of GeSn emitters.
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Chapter 2. Growth technique and characterization testing setups

2.1 (Si)GeSn film growth
The growth of GeSn alloys has been pursued by different researchers using a variety of
mechanisms including molecular beam epitaxy (MBE) [62], [99], solid phase epitaxy and
recrystallization [100], chemical vapor deposition (CVD) [67], [101], [102], and sputtering
technique [103]. Among the listed techniques, only MBE and CVD presented high-quality GeSn
films with device quality suitable for optoelectronic applications. The flexibility of the CVD
technique for different growth conditions and also its compatibility with a complementary metaloxide-semiconductor (CMOS) fabrication process has made CVD the most favorable approach
among all GeSn and SiGeSn growth methods. Producing high-quality films as well as providing
a cost-effective and repeatable growth technique with inexpensive commercially available
precursors is desired to establish an industry standard CVD method. The ASM Epsilon® 2000Plus reduced-pressure CVD (RPCVD) is a commercial CVD system that meets the above criteria
to grow high-quality GeSn and SiGeSn films. Precursors used in ASM reactor, including SiH4,
GeH4, and SnCl4, are commercially available gases utilized in the growth of (Si)GeSn films [75].

2.1.1 Growth of GeSn films
The GeSn epitaxial films were grown inside the ASM Epsilon® 2000-Plus RPCVD
system with a single run deposition process. The Epsilon reactor is a horizontal flow system with
a graphite susceptor coated with silicon carbide located in a cold wall quartz chamber. Prior to
the growth of GeSn films, a strain-relaxed Ge buffer layer with ~700 nm thickness was deposited
on top of Si (100). The lattice mismatch between Si and GeSn films was compensated with the
Ge buffer layer. The growth of Ge includes two steps; a low temperature growth to form a thin
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Ge layer and subsequently, a high temperature growth to provide thick Ge layer. The high
temperature process lowers the threading dislocation defects and increases the growth rate. After
Ge buffer growth, the intrinsic GeSn films were grown in-situ on a Ge layer at a temperature
lower than 400 oC under specific pressure and growth rate to control the Sn incorporation.
Insolubility of Sn in Ge (<1%) requires the growth temperature to be less than 400 oC. A welldefined recipe from ASM [75] was followed to grow GeSn films with Sn compositions of 1% to
12%. Moreover, the n-type and p-type Ge and GeSn films were grown using PH3 and B2H6,
respectively, for device perspective.
Incorporation of Sn inside the GeSn films was measured using Rutherford backscattering
(RBS) and Secondary Ion Mass Spectrometry (SIMS) and further examined with X-ray
diffraction (XRD) technique. The RBS spectra of a Ge0.93Sn0.07/Ge/Si is shown in Figure 2.1a
and the XRD measurements on the GeSn samples are presented in Figure 2.1b. Occupation of Sn
in the substantial lattice sites is indicated based on the yield observed for Sn.

Figure 2.1. (a) Random and aligned spectra of a GeSn sample with 7% Sn composition. [75]. (b)
The XRD 2theta-omega (2θ-ω) scans for GeSn films grown on Ge-buffered Si with different Sn
incorporation from 1% to 12%. [104].
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The Philips X’pert PRO XRD system [105] was employed to precisely characterize the
lattice constants and Sn incorporation in GeSn. The 2 theta-omega (2θ-ω) scans from (004) plane
of the GeSn samples with Sn compositions from 1% to 12% is presented in Figure 2.1b. The
sharp peak around 69.2o is related to Si while peaks from Ge and GeSn films occurs between
66.5o to 64o due to their larger out-of-plane lattice constants. Less broadening in the peaks
indicates the higher crystalline quality of the films.
The precise in-plane (a║) and out-of-plane (a┴) lattice constant of GeSn layers could be
achieved from asymmetric reciprocal space mapping (RSM) of (2̅2̅4) planes. The RSM plot of
GeSn films with 6% and 7% Sn compositions with thicknesses of 85 nm and 240 nm are shown
in Figures 2.2a and 2.2b, respectively. In Figures 2.2c and 2.2d, the RSM plot of a GeSn film
with 3% Sn composition and different thicknesses are presented. The critical thickness for the
GeSn epilayer film is the maximum thickness for which the in-plane lattice constant of GeSn
remains equivalent to the in-plane lattice constant of the bottom Ge buffer layer [74].
In that condition, the GeSn film on top is called pseudomorphic to the Ge buffer layer,
meaning that their lattice constant is the same (Figure 2.2a). Beyond that critical thickness, the
GeSn epilayer becomes partially strained, and defects start to be formed at the interface of the Ge
and GeSn film. The critical thickness depends on the Sn composition of the GeSn film and
increasing the Sn composition lowers the critical thickness of the film. Two different methods,
called Matthews-Blakeslee (M-B) and People-Bean (P-B) are available to calculate the critical
thickness [106], [107]. Depending on the GeSn device to be grown and fabricated, the critical
thickness should be taken into account. Since the formation of the defects has a direct
relationship with the critical thickness, for devices that require a very low defect density, the
critical thickness should be carefully calculated before the growth process.
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Figure 2.2. The RSM plot of (a) a pseudomorphic Ge0.94Sn0.06 thin film grown on Ge buffer
with a thickness lower than critical thickness (b) a partially relaxed Ge0.93Sn0.07 film grown on
Ge buffer with a thickness higher than the critical thickness. The RSM plot of Ge0.97Sn0.03 films
with a thickness of (c) 76nm and (d) 128 nm [74].

As shown in Figures 2.2c and 2.2d, the thickness of 3% GeSn films is 76 nm and 128 nm
indicating that the distance between the GeSn center and pseudomorphic line increases once the
thickness of the sample becomes larger. Once the thickness of the GeSn film goes far beyond the
critical thickness, the film would be partially relaxed, and the center of GeSn film gets closer to
the relaxation line as shown in a dotted line in Figure 2.2b. The advantage of the RSM
measurement is the calculation of in-plane strain in the GeSn samples. Strain information is
necessary to estimate the bandgap energy of the GeSn films which is a vital parameter for the
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performance of GeSn-based optoelectronic devices. The following relation was used to calculate
the in-plane strain of GeSn films grown on Ge buffer (ε║):
ε║=

(a∥ )Ge −(a∥ )GeSn
(a∥ )GeSn

(Equation 2.1)

where (a║)Ge is the in-plane lattice constant of Ge and (a║)GeSn is the in-plane lattice constant of
the GeSn layer.
Another material characterization technique that examines the crystalline quality and
thickness of the grown films is transmission electron microscopy (TEM). Moreover, formation
and propagation of the defects inside the epitaxial layers could be analyzed using TEM images of
each layer. The TEM images were collected using TITAN 80-300 with 200 KV electron gun
source. The results of the GeSn TEM imaging are shown in Figure 2.3.

Figure 2.3. The cross-sectional TEM image of (a) the Ge0.94Sn0.06 thin film with 85 nm thickness
pseudomorphically grown on top of Ge buffer and (b) the thick Ge0.9Sn0.1 relaxed film with 810
nm total thickness.
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Based on the TEM images from the GeSn samples, the Ge buffers and GeSn epilayers
had high crystalline quality with threading dislocation density (TDD) of almost 107 cm-2 and
most of the defects were located at the interface of Si/Ge and Ge/GeSn. Suppressing the defects
at the interfaces avoids their propagation toward the epitaxial layers and results in a high
crystalline quality of the films.
Figure 2.3a is the TEM image of the pseudomorphic thin GeSn sample with 6% Sn
composition grown on Ge buffer layer on Si substrate. Due to the pseudomorphicity of this
sample, the epilayer and the Ge/GeSn interface had a low defect density. In Figure 2.3b, the
TEM image of a thick GeSn film with 10% Sn incorporation and total GeSn thickness of 810 nm
is presented. The high-quality GeSn film with a thickness of 515 nm was formed on the defective
intermediate GeSn layer called a sacrificial layer. The first GeSn layer had the threading
dislocation defects due to the lattice mismatch between the Ge and GeSn layers and the top GeSn
layer had high crystalline quality. Formation of the GeSn sacrificial layer trapped the defects and
consequently the top GeSn epilayer turned out to be a high-quality GeSn film. As shown in
Figure 2.3b, in the Ge0.9Sn0.1 sample, two distinctive GeSn layers are presented; the first layer
with high threading dislocation densities that trapped the defects and the second layer on top that
had less defect and high crystalline quality. The low TDD value in the second GeSn layer is
favorable for photonic and optoelectronic GeSn device applications. Later in Chapter 6, the use
of thick GeSn films will be discussed in the demonstration of optically-pumped GeSn waveguide
lasers.

2.1.2 Growth of SiGeSn films
Similar to the growth of GeSn films, the same RPCVD system was utilized to grow
epitaxial SiGeSn films on top of Ge buffer layer. As mentioned, the growth temperature of the
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GeSn films was less than 400 oC; however, that temperature is challenging for the growth of
SiGeSn films since SiH4 is less reactive at temperatures below 400 oC. Controlling the flow ratio
of SiH4/GeH4 and the growth rate eventually provided the desired thin SiGeSn layers. The XRD
2theta-omega scan of SiGeSn films with specified Si and Sn compositions is plotted in Figure
2.4a. The peak related to the SiGeSn samples occurred at lower angles due to the larger out-ofplane lattice constant compared to Ge and Si peaks. The top RSM plot shown in Figure 2.4b is
related to the (2̅2̅4) plane of SiGeSn sample with 13% Si and 6.6% Sn and the bottom one is
associated with the SiGeSn sample with 19% Si and 2.7% Sn. As indicated in the XRD result, no
detectable Si or Sn was incorporated into the film, and the peak for this sample overlaps with Ge
peak. The top RSM plot indicates that almost no SiGeSn film was grown. The bottom RSM plot
shows the SiGeSn was grown pseudomorphically on top of Ge buffer

Figure 2.4. (a) The XRD 2theta-omega scans of the SiGeSn samples with specified Si and Sn
compositions grown on Ge-buffered Si substrate. (b) The (2̅2̅4) RSM contour plot of the
Si0.13Ge0.804Sn0.066 shown on top and Si0.19Ge0.783Sn0.027 shown at the bottom [108].

The cross-sectional TEM image of the SiGeSn sample with 13% Si and 6.6% Sn is
presented in Figure 2.5a. As noticed in the image, the Ge buffer layer contained most of the
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threading dislocations and less defects penetrated to the SiGeSn film. The interface between
SiGeSn and Ge obtained with the high-resolution TEM is depicted in Figure 2.5b.

Figure 2.5. (a) The cross-sectional TEM image of the SiGeSn sample with 13% Si and 6.6%
Sn. (b) The high-resolution TEM image of the interface between SiGeSn and Ge buffer indicate
the high crystalline quality of the film [108].

2.2 Optical characterization testing setups
2.2.1 Photoluminescence setup
In order to explore the bandgap energy of the (Si)GeSn samples, the photoluminescence
(PL) measurement of different temperatures was required. Basically, in the PL characterization
of (Si)GeSn films, the sample is excited to energies higher than the sample’s bandgap using an
laser excitation source. That optical excitation generates electron-hole pairs in the conduction
band and the valence band of the (Si)GeSn bandgap. Therefore, the energy of the excitation laser
should be above the bandgap of the samples. After generation of electron-hole pairs, they get
relaxed to the minimum energy level of the valleys in the bandgap and subsequently recombine
leading to an emission equivalent to the bandgap energy [109], [110].
Recombination of electron hole-pairs happens in both radiative and non-radiative
procedures [111]. The radiative recombination leads to an emission called PL spectrum
19

containing useful information about the band structure of the sample. The emitted PL spectrum is
collected and delivered to a spectrometer and detector to be analyzed. Although the overall
measurement seems rather straightforward, the preparation of PL testing setup requires an
appropriate knowledge about the optics in different ranges of wavelengths, understanding the
optical and electrical signal detection techniques, and expertise in optical alignment of the optics
components. In the characterization lab of this research, a home-built off-axis PL setup was
constructed on the standard optical table. The PL setup is capable of measuring PL spectra in the
near- and mid-infrared wavelength ranges which matches with the bandgap emission of (Si)GeSn
material. The essential components of the PL setup, including the excitation lasers, spectrometer,
photodetectors, and the optics were carefully chosen to provide (Si)GeSn PL spectra with high
signal-to-noise ratio (SNR) and resolution. The schematic diagram of the standard off-axis
infrared PL setup is presented in Figure 2.6. The alignment process is explained in Appendix A.

Figure 2.6. The schematic diagram of the home-built off-axis PL setup designed and constructed
for infrared PL measurements from cryogenic to room temperature.
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Typically, the aligned laser beam was delivered to the sample in the sample holder of the
liquid helium cooled closed-cycle cryostat and the generated PL emission was collected with a
lens and eventually delivered to the spectrometer and detectors. The temperature of the sample
inside the cryostat was adjusted using a temperature controller. The constructed PL setup had
five different excitation lasers integrated to be used for different PL experiments. That unique
design provided a variety of laser choices for diverse PL studies, including various excitation
powers and wavelengths. Depending on the desired laser power and laser wavelength in different
PL measurements, the choice of the excitation laser could be varied. In order to provide high
power density and high excitation energy, three different Q-switched pulsed lasers were
integrated to the PL setup: 1) a pulsed 1064 nm laser with pulse width of 6 ns and repetition rate
which varied from 15 kHz to 80 kHz with maximum power of 15 W; 2) a neodymium-doped
yttrium aluminum garnet (Nd:YAG) laser with wavelengths of 266, 355, 532, and 1064 nm – the
pulse width of the Nd:YAG laser was 8 ns and the repetition rate was 10 Hz with maximum
power of 1 W; and, 3) a Ti:sapphire femtosecond (fs) laser with a pulse width less than 100 fs
and repetition rate of 80 MHz and wavelength range from 690 nm to 1040 nm and maximum
power of 4 W.
For low power density PL experiments and high excitation energy, a diode-pumped solid
state (DPSS) continuous wave (CW) laser with 532 nm wavelength (2.33 eV energy) was
exploited. The maximum power of the DPSS CW 532 nm laser was 500 mW. Another laser in
the PL setup capable of providing high power, but low excitation energy was a CW 1550 nm (0.8
eV energy) fiber laser with maximum power of 5 W. This laser was suitable for the band
minimum excitation studies. In all mentioned lasers, the laser power could be adjusted with the
laser controller box, and further adjustment was done using a series of neutral density filters in
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the laser beam path. All laser beams were carefully aligned from the laser source to the sample
using specific mirrors. A CaF2 plano-convex lens with focal length of 10 cm was used to focus
the laser beam to the sample. CaF2 material has a transmission above 90% for the wavelengths
between 500 nm to 5000 nm which made this lens a proper choice once different laser sources
were available to excite the sample. After excitation of the samples, the generated PL emission
was collected using another CaF2 lens and delivered to the spectrometer using two gold-coated
mirrors designed for infrared range. The path of the PL emission from the sample to the
spectrometer was carefully aligned using a set of the iris (pin holes). Then, the PL emission was
focused to the entrance slit of the spectrometer and dispersed by the specific grating inside the
spectrometer. Ultimately, the dispersed beam was focused to the different detectors connected to
the spectrometer. The spectrometer used in the PL setup was an iHR320 HORIBA spectrometer
with a grating that had the blazing wavelength of 2000 nm and groove (gr) density of 600 gr/mm.
All spectrometer functions were computer-controlled using a SynerJY software from HORIBA
[112] .
Three detectors with different responsivity ranges, bandwidths and signal-to-noise ratio,
were available to be attached to the spectrometer. The detector choices were: 1) a liquid nitrogen
(LN2) cooled extended Indium Gallium Arsenide (ex-InGaAs) with the cut-off wavelength at 2.3
µm; 2) a thermoelectric (TE) cooled Lead Sulphide (PbS) with a cut-off at 3 µm; and, 3) a LN2
cooled Indium Antimonide (InSb) with a cut-off at 5 µm. Depending on the range of the PL
spectra, different detectors were selected. The electric signal generated by the photodetector was
amplified using a lock-in technique with an optical chopper. After amplification of the signal, the
data was transferred to a laptop, and the PL spectrum was obtained in the SynerJY software.
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Figure 2.7 shows the normalized PL spectra of the GeSn films measured using the PL
setup. Red-shifted PL peaks were ascribed to the higher Sn compositions and smaller bandgaps,
accordingly. Increasing the Sn composition resulted in the bandgap shrinkage and eventually led
to a red-shift of the PL peak positions. The PL spectra of samples with lower Sn compositions
were measured using extended InGaAs detector (high signal-to-noise ratio) and samples with
higher Sn compositions were detected using PbS detector (low signal-to-noise ratio).

Figure 2.7. The normalized room temperature PL spectra of GeSn samples with Sn
compositions from 0% to 12%.

2.2.2 Optical pumping setup
Studying the lasing condition of the optically-pumped GeSn waveguide was desired to
understand the capability of GeSn material for the future of group IV-based optoelectronic and
photonic devices. In Chapter 6, a detailed discussion on the GeSn waveguide and optically
pumped GeSn laser is provided. Here, the setup constructed to perform the optical pumping
experiment on the GeSn rectangular waveguides is demonstrated. Figure 2.8 shows the optical
pumping setup added to the standard off-axis PL setup. In fact, this capability was added to the
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off-axis PL setup previously described. The direction of pumping laser is indicated as a
downward arrow (in red), and the direction of the emission from the waveguide is shown as an
arrow towards the left (in purple).

Figure 2.8. The schematic diagram of the home-built optical pumping setup designed and
constructed to study optically-pumped GeSn waveguide laser at different temperatures.

The optical pumping setup was added to the PL setup using a careful modification. The
closed-cycle cryostat of the PL setup was replaced with a regular vertical Janis cryostat with four
windows. In general, the pumping excitation laser was focused on the GeSn waveguides from
one direction and the lasing spectrum was collected from another direction which was
perpendicular to the incident beam. The reason is that the lasing emission emerges from the facet
of the waveguides. The optical pumping process included the excitation of the GeSn waveguides
using the 1064 nm pulsed laser. The laser beam was focused to the GeSn waveguide using a
cylindrical lens with a focal length of 7.5 nm. The rectangular shape focused beam had a
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dimension of 3 mm and 20 µm distributed homogeneously on the GeSn waveguide. The
emission from the GeSn waveguide was collected with the same CaF2 collecting lens used in the
PL setup. A similar optical path was considered to eventually deliver the GeSn waveguide
emission to the spectrometer and detector.

2.2.3 Electroluminescence setup
Similar to the standard PL setup, an electroluminescence (EL) setup was constructed to
measure the emission from GeSn light emitting diodes (LEDs). The optics, spectrometer, and
detectors were carefully selected to be compatible with the emission wavelengths of the GeSn
LEDs. A very low power helium-neon (He-Ne) laser along with a beam splitter and several
mirrors were exploited to facilitate the optical alignment of the EL setup. A schematic drawing
of the EL setup is given in Figure 2.9. The EL setup featured a probe station for initial currentvoltage (I-V) characterization and room temperature EL study. The required current for the EL
measurement was provided using a Keithley 236 [113] direct current (DC) source with a
maximum current of 100 mA. Also, an ILX Lightwave pulsed current source with a maximum
duty cycle of 10%, and a maximum current of 3 A offered higher injection current densities. The
probe station consisted of two gold plated needles for electric contacts, and the temperature of
the probe station was controlled using a heat sink. Temperatures from 273 K to 350 K could be
achieved using the temperature-controlled heat sink. The mentioned probe station was also
facilitated with a Fluorine-based optical fiber to collect the room temperature EL emissions from
GeSn LEDs and deliver them to the spectrometer and detector. For low temperature I-V and EL
measurements on the GeSn LED samples, a standard Janis cryostat [114] with feedthrough
capability was prepared. The sample holder inside the cryostat had two gold plated needles that
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could be placed on the metal contacts and apply the desired current. The EL emission from the
GeSn LED was collected using a CaF2 lens and eventually delivered to the microHR
spectrometer and detector. The detected signal was amplified using a lock-in amplifier and an
optical chopper. A long pass filter was placed right before the spectrometer entrance slit to avoid
the penetration of ambient light.

Figure 2.9. The schematic diagram of the home-built EL setup designed and constructed for
infrared EL measurements from cryogenic to room temperature.

The temperature-dependent I-V characteristic and EL spectra of GeSn light emitting
devices are thoroughly described in Chapter 5.
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Chapter 3. Photoluminescence (PL) study of GeSn films
3.1 Motivation
Group IV-based light-emitting devices, such as LEDs and lasers, have long been desired in Si
photonics. Recently, a new technology based on incorporating Sn into Ge has attracted a lot of
interest due to the accessibility of the direct bandgap material, the applications of optoelectronic
devices operating in near- and mid-infrared, and the compatibility with the CMOS process.
GeSn-based optoelectronic devices such as modulators, LEDs and photodetectors have been
demonstrated showing a great promise for use in Si photonics. While outstanding progress on
GeSn related research has been made, direct bandgap GeSn has yet to be achieved. Without this
direct bandgap material, the development of a group IV-based laser to fundamentally address the
grand challenge in Si photonics will remain out of reach.
Theoretical work has predicted that 6% or higher of Sn in a relaxed GeSn could result in
a direct bandgap [95], [115]. However, because of the compressive strain in the GeSn thin film
due to lattice mismatch between the GeSn layer and the substrate (usually Ge or Si), the required
Sn composition for indirect-to-direct transition is higher than that in a relaxed one [111].
In this chapter, a temperature dependent PL study on as-grown GeSn thin films with
different Sn mole fractions grown using a commercially available CVD system is presented. The
room temperature (RT) PL was achieved for as-grown GeSn thin films and the bandgap energies
correspond to PL peak emissions were extracted. The temperature-dependent PL measurement
from 10 to 300 K was performed on the samples to analyze the behavior of the both direct and
the indirect bandgap energies. The temperature-dependent bandgap relation (Varshni’s relation)
was utilized to scrutinize the GeSn bandgap behavior in different temperatures and achieve α and
β parameters in the Varshni’s relation. In all temperatures, reduction of the difference between
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the direct and indirect bandgap energies was observed by increasing the Sn composition. A
competition between the direct and indirect bandgap optical emission process has been illustrated
[116]. The temperature-dependent PL behavior for GeSn alloys with Sn composition near the
indirect-to-direct bandgap transition point will be fully investigated in this work.

3.2 Growth and characterization of GeSn films
The GeSn thin films were grown in an industrially available Epsilon® 2000-Plus reduced
pressure chemical vapor deposition (RPCVD) reactor with single run epitaxy using
commercially available precursor gases [117]. Prior to the growth of GeSn thin films, a strainrelaxed Ge buffer layer was deposited on the Si (100) substrate via a Stranski-Krastanov
mechanism. Deposition of the GeSn thin films was performed inside the chamber at temperatures
of less than 400 oC using GeH4, SnCl4, and H2, which is compatible with current CMOS
techniques. Detailed growth steps of these samples were discussed in Chapter 2 and also in Ref.
75.
The GeSn samples in this study had x = 0, 0.009, 0.032, 0.06, and 0.07 Sn mole fraction,
respectively. The Sn mole fraction of each sample was measured using secondary ion mass
spectroscopy (SIMS) calibrated for GeSn and X-ray diffraction (XRD). To verify the GeSn and
epilayer thickness and its crystallinity, transmission electron microscopy (TEM) images and
XRD 2θ-ω scans were employed [117]. The TEM image of the Ge0.93Sn0.07 sample is shown in
Figure 3.1a. The Ge0.93Sn0.07 thin film, Ge buffer layer, and Si substrate can be clearly seen. Due
to the high lattice mismatch of GeSn with Si, the Ge buffer layer was grown to improve the
GeSn material quality. The TEM image of the Ge0.93Sn0.07 layer indicated that the misfit
dislocations were confined at the GeSn/Ge interface with no propagation of threading
dislocations through the epilayer [117]. The GeSn films were able to lock 80% of the propagated
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threading dislocations in the Ge buffer layer [74]. The average threading dislocation density
(TDD) was measured to be 9.7×108 cm-2 in Ge buffer layer and 3×107 cm-2 in GeSn layer. The
TDD in the top GeSn layer was verified by etch pit measurement study showing 1.1×107 cm-2.
The thicknesses of the epilayers were measured by TEM to be 327, 76, 80, and 240 nm for
samples with Sn compositions of 0.9, 3.2, 6 and 7%, respectively.

Figure 3.1. (a) High-resolution TEM image of the Ge0.93Sn0.07 layer grown on a Ge buffer
and Si substrate. (b) 2θ-ω scans of the GeSn samples are resolved for each of the different
Sn mole fractions [117].

In-plane and out-of-plane lattice constants and the strain in lattice constants were
measured by XRD using 2θ-ω scan and reciprocal space map (RSM). Figure. 3.1b shows the
XRD 2θ-ω scan from the (004) reflection with the peaks between 66-64º belonging to the GeSn
layers. All the samples were partially compressively strained, except Ge0.94Sn0.06, which was
fully compressively strained. This in-plane compressive strain increased the out-of-plane lattice
constant which showed up as a reduced angle in the XRD 2θ-ω scan [117]. Information about the
thickness, strain and the XRD FWHM of the Ge buffer and GeSn thin films are shown in Table
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3.1. As shown in the following table, the Ge sample was tensile strained which indicated as a
positive value. Negative values were ascribed to compressive strain.
Table 3.1. Sn Composition, Thickness, Strain, and FWHM of GeSn thin films [117].
Sn %
GeSn
Ge Buffer
In-plane strain
FWHM (°)
Ge
Ge
Thickness (nm) Thickness (nm)
GeSn
GeSn
Buffer
Buffer
0.0
0.9
3.2
6.0

253
327
76
86

763
684
700

0.0010
0.0014
0.0012

+0.0018
-0.0002
-0.0024
-0.0082

0.14
0.14
0.16

0.19
0.15
0.20
0.22

7.0

240

755

0.0009

-0.0045

0.15

0.34

PL measurements were performed using a standard PL setup in an off-axis configuration
as explained in Chapter 2. A 532 nm CW diode-pumped solid-state laser with 500 mW power
was used as an excitation source, and the laser beam was focused to a 100 μm spot. The GeSn
samples were mounted inside a liquid helium-cooled closed-cycle cryostat manufactured by
Janis [114] . A spectrometer equipped with a liquid nitrogen cooled extended-InGaAs
photodetector with a cut-off at 2.3 μm, along with a lock-in amplifier and the optical chopper,
was utilized to collect the emissions from the GeSn samples and provide the PL spectrum [117].

3.3 Photoluminescence measurements of thin GeSn structures
The RT PL spectra, shown in Figure 3.2a, have a clear composition dependent main peak
for each sample, showing a red-shift as the Sn mole fraction increases. For samples with Sn
content of 0 (Ge reference), 0.9, and 3.2%, a strong high-energy peak and a weak intensity lowenergy shoulder were observed corresponding to the direct and indirect bandgap transitions,
respectively. For samples with the higher Sn compositions of 6 and 7%, the difference between
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the direct and indirect bandgap energies decreased and the emission peaks from the direct and
indirect transition overlapped, resulting in a broad peak shown in Figure 3.2a [117].

Figure 3.2. (a) Room temperature PL spectra were collected for the 0% (Ge buffer), 0.9, 3.2, 6
and 7 % Sn mole fraction. (b) The fitting procedure used to extract the different emission
spectra (the sample with 3.2% Sn) [117].

The PL peak positions were extracted using a Gaussian fitting as shown for Ge0.968Sn0.032
in Figure 3.2b. The fitted curve consisted of three peaks, which were assigned to the direct
transition of Ge and the direct and indirect transition of GeSn, respectively. The Ge emission
peak was observed because of the relatively thin epilayer of the sample with 3.2% Sn content,
thus excitation and emission took place in the Ge buffer layer as well. The direct and indirect
peak positions, obtained by Gaussian fitting, were plotted as a function of Sn content in Figure
3.3. The closed symbols are extracted data, and the solid lines are theoretical curves based on the
Vegard’s law relation [117]:

EGeSn  xESn  (1  x)EGe  x(1  x)b

(Equation 3.1)

where EGeSn is the bandgap energy of GeSn; EGe and ESn are the bandgap of Ge and Sn,
respectively; x is the Sn mole fraction; and b, is the bowing parameter in RT. For the L valley,
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b = 0.68 eV and for the Γ valley b = 2.92 eV are considered. At RT, the indirect bandgap of Sn is
0.14 eV, and the direct bandgap is -0.413 eV. For Ge, the indirect and direct bandgaps at RT are
equal to 0.66 and 0.8 eV, respectively. Information about the bandgap energy of Ge and Sn and
the bowing parameters were given in Chapter 1. As Sn composition increased, the direct bandgap
reduced faster than the indirect bandgap, resulting in the continuously reduced separation
between the direct Г-valley and the indirect L-valley in the conduction band, as shown in Figure
3.3. The experimental data agreed with those theoretical calculations for previously measured
bowing parameters. A small deviation from the Vegard’s law prediction indicated the role of
strain in the bandgap of GeSn films. For more accurate prediction of the direct and indirect
bandgap in GeSn alloys, both the Sn incorporation and strain effect should be considered.

Figure 3.3. The bowed Vegard’s law interpolation for the direct and indirect bandgap of GeSn
alloy is plotted for different Sn compositions and is overlaid with experimental data. The
asterisks show the indirect bandgaps and the diamonds represent the direct bandgap energy
[117,118].

To study the changes in the GeSn bandgap, a temperature-dependent PL measurement
was performed. For GeSn samples with Sn composition less than 7%, the following observation
was made. At RT, the main peaks were attributed to the direct transition, as aforementioned. As
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temperature decreased, the thermally excited electrons that occupy the Г-valley decreased due to
the narrowing of Fermi-Dirac distribution tail. Carriers occupied only the L valley in the indirect
gap. Phonon-assisted and impurity-assisted PL was the dominant process at low temperature.
Once the required energy for phonon emission and absorption was provided, those phonons
conserved the momentum for carrier recombination through the indirect bandgap. This
occurrence was almost the same as Ge PL emission at low temperatures [119]–[122]. The GeSn
alloys with higher Sn composition tended to be a direct bandgap material. The temperaturedependent bandgap spectra of GeSn thin film with 3.2% Sn composition is presented in Figure
3.4a.

Figure 3.4 (a) Temperature-dependent PL spectra of GeSn sample with 3.2% Sn composition.
Curves are stacked for clarity. The direct band gap and indirect bandgap emission peaks are
marked by arrows. (b) The ratio between integrated PL intensity of direct and indirect peaks at
temperatures from 225 K to 300 K.

The described mechanism of the competition between indirect and direct transition was
clearly indicated in the PL spectra from 10 K to 300 K. The ratio between the integrated PL
intensity of direct (Idirect) and indirect peak (Iindirect) at temperatures from 225 K to 300 K is
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shown in Figure 3.4b. The ratio shown in Figure 3.4b indicated that an increase in the direct
bandgap emission depends upon two parameters: 1) Sn composition of the GeSn alloy; and, 2)
temperature of the samples. Higher Sn compositions lowered the Γ valley and more carriers were
available for the direct bandgap transition. Moreover, higher temperature provided more
thermally excited carriers to penetrate the Γ valley and participate in the direct bandgap
transition with higher recombination rate.
The Ge0.93Sn0.07 sample was studied under the temperature-dependent PL measurements
for further investigation of its bandgap alterations. The Ge0.93Sn0.07 PL spectra are shown in
Figure 3.5 with temperature ranging from 10 K to 300 K. The direct and indirect PL emissions
are overlapped and not discernible [117].

Figure 3.5. Temperature-dependent PL measured on Ge0.93Sn0.07 illustrates the changes in PL
spectra from 10 to 300 K. [117].
At 10 K, a strong PL peak was observed and, in contrast with other samples, no separate
PL peaks related to the indirect and direct transition was detected. This verified that the
difference between the indirect and direct gap was very small and their PL emissions were
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almost overlapped, so the peaks were unresolvable using the Gaussian fitting. It is inferred for
sample Ge0.93Sn0.07 that the direct and indirect energy gaps were almost equal.
The obtained peak positions from all samples were fitted using an empirical temperaturedependent bandgap Varshni relation. The theoretical calculation of peak position versus
temperature for a GeSn bandgap can be described by the Varshni relation [117],

E GeSn (T )  E GeSn (0)  T 2 /(T   )

(Equation 3.2)

where EGeSn(0) is the bandgap at 0 K, and α and β are the fitting parameters. The peak positions
are plotted as a function of temperature in Figure 3.6 for samples with Sn content of 0, 0.9, 3.2
and 6%. The Varshni equation was fitted on the PL peak positions for both direct and indirect
emissions. Increasing the Sn mole fraction from 0.9 to 6% reduced the average distance between
the direct and indirect gap ( (ΔE)avg) in GeSn films from 0 to 6% Sn. For better visibility, the
height of the energy axis is kept at 0.25 eV for all samples in a-d. The variance in the fitting
process of the temperature-dependent GeSn bandgaps is provided. As indicated before, no
thermally generated carrier was available to occupy the Γ valley of the conduction band in low
temperature. Therefore, no direct PL peak was observed at temperatures less than 100 K. The
direct PL peak for Ge was revealed in temperatures higher than 150 K. In Ge0.991Sn0.009 and
Ge0.968Sn0.032, the direct PL peaks were distinguished for temperatures higher than 200 K, and in
Ge0.94Sn0.06 it was observed for temperatures higher than 100 K. These observations depended on
the variation in the material quality. In low temperatures, only the phonon-assisted indirect PL
could be detected due to the carrier only occupying the L valley of the conduction band. As
indicated in Figure 3.6, in each sample, as the temperature increased from 10 to 300 K, the
separation between direct and indirect peaks (ΔE) were almost constant, and it decreased as the
Sn content increased. The average difference between the direct and the indirect bandgaps
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((ΔE)avg) were 0.115, 0.075, 0.043, 0.032 eV for the samples with Sn composition of 0, 0.9, 3.2
and 6%, respectively, which was consistent with the RT PL results. The peak positions in
different temperatures for Ge0.93Sn0.07 could not be accurately determined due to the very small
separation between direct and indirect peaks. Only at RT, the difference between the direct and
indirect bandgap was identified as ΔE ≈ 0.012 eV for Ge0.93Sn0.07 sample. At other temperatures,
the indirect and the direct PL peaks were unresolvable.

Figure 3.6. The PL peak positions for different temperatures of the direct (red circles) and
indirect (blue triangles) gaps for (a) Ge buffer (0% Sn), (b) Ge0.991Sn0.009, (c) Ge0.968Sn0.032,
and (d) Ge0.94Sn0.06 [117]
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The calculated 0 K bandgap of the GeSn alloys and the fitting parameters are given in Table
3.2. The achieved experimental PL data were fitted using the Varshni’s relation (Eq. 2) and the
bandgap energy at 0 K, α, and β parameters for the GeSn with different Sn content are presented.
No variable was fixed in the fitting process. The values of the variance for the fitting of the direct
and the indirect bandgaps in each GeSn sample was calculated and are provided in Figure 3.6.
The only constraint that was made on the fitting process was to intentionally maintain the
variance less than 0.05 [117].

Table 3.2. The fitting parameters achieved by fitting the Varshni’s equation on experimental PL
data.
Fitting Parameters
Ge buffer
Ge0.991Sn0.009
Direct
Indirect
Direct
Indirect
E (0) (eV)
0.861
0.742
0.817
0.741
α (eV/K)
4.8 × 10-4
2.4 × 10-4
2.8 × 10-4
3.5 × 10-4
β (K)
218
254
308
300
Table 3.2. The fitting parameters achieved by fitting the Varshni’s equation on experimental PL
data (cont’d) [117].
Fitting Parameters
Ge0.968Sn0.032
Ge0.94Sn0.06
Direct
Indirect
Direct
Indirect
E (0) (eV)
0.731
0.690
0.662
0.641
α (eV/K)
2.7 × 10-4
3.3 × 10-4
3.0 × 10-4
3.6 × 10-4
β (K)
298
298
296
195

3.4 Observation of a TRUE direct bandgap GeSn alloy
The nature of GeSn bandgap (directness or indirectness) was determined by Sn
composition and strain. Their interrelation is shown in Figure 3.7 with three distinct regions: (1)
indirect bandgap material region (marked as "indirect"), (2) direct bandgap material region
(marked as "direct"), and (3) uncertain region (marked as "uncertain"). Note that the uncertain
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region is not a "specific region"; it only reveals the discrepancy of theoretical calculations based
on various models and fitting parameters reported in the literature, in which the predicted values
of the transition points for relaxed GeSn with x range from 6 to 10% [81], [95], [123]. Higher Sn
composition is required to achieve the transition when compressive strain increases. The two
contours of transition points corresponding to the lowest and highest predicted value form the
left and right boundaries of the uncertain region. The triangular data points, shown in Figure 3.7,
are the PL results of GeSn samples discussed in the previous section of this chapter (section 3.3)
and circular data points, are GeSn samples which will be studied in this section.
The schematic band diagrams of direct and indirect GeSn alloys and the mechanism of
PL spectra formation are shown as insets in Figure 3.7. In the indirect region where the direct
bandgap energy is higher than the indirect bandgap energy, the fraction of electron population in
the L valley is higher than that in the Г valley. Because the probability of radiative
recombination in a direct bandgap transition is higher than that in a phonon-assisted indirect
bandgap transition, both direct and indirect peaks could be observed. Therefore, the PL spectrum
was the superposition of these two peaks. At low Sn composition, both peaks could be identified
clearly because of the sufficient energy separation. At higher Sn composition (before reaching
the transition point), these two peaks could not be identified due to the reduced bandgap energy
difference, resulting in only a single peak with broad line-width. In the direct region, the direct
bandgap energy is smaller than the indirect bandgap energy, therefore, more electrons populated
the Г valley. As a result, the direct bandgap transition dominated the PL and, hence, only a single
peak could be observed in the PL spectrum. It is worth pointing out that this single-peak
spectrum only consisted of the direct peak, therefore, the line-width of the peak was narrower
than that for the case in the indirect region with relatively high Sn composition. The uncertain in
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Figure 3.7 region reveals the discrepancy of theoretical calculations due to various models and
fitting parameters. Materials located in the uncertain region could be either direct or indirect
bandgap material. The insets in indirect and direct regions show the schematic band diagrams of
GeSn alloy and the mechanism of PL spectra formation for indirect and direct bandgap materials,
respectively.

Figure 3.7 The effect of compressive strain and Sn composition in the indirect-to-direct
bandgap transition at room temperature. [96].

Investigation on the bandgap characteristics of GeSn thin films was conducted by a
systematic temperature-dependent PL study on the GeSn samples with 4, 8, 9, and 10% Sn
composition. The XRD and TEM characterizations were done to obtain the thickness and strain
information of the GeSn films. Information of the samples is listed in Table 3.3, and the XRD,
and TEM results are shown in Figure 3.8. As noticed in the following table, the compressive
strain values increased by increasing the Sn composition. It showed that none of those GeSn
films were even partially relaxed.
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Table 3.3. Information of GeSn samples in this study.
Sample

Sn (%)

GeSn layer thickness (nm)

Compressive strain (%)

A

4

70

0.5

B

8

90

0.8

C

9

79

1.0

D

10

95

1.1

Figure 3.8 The TEM image of the Sample D showing the crystal quality of the GeSn epilayer
on top of the Ge buffer. Inset figure is the 2θ-ω scan showing the Ge and GeSn peaks in
samples A, B, C, and D [96].
The PL measurements were performed using a standard off-axis configuration [124] . A
continuous wave (CW) laser with 532 nm wavelength was used as an excitation source. The laser
beam was focused down to a 100 μm spot, and the power was measured to be 500 mW. The PL
emission was collected by a spectrometer and then sent to a liquid nitrogen-cooled extendedInGaAs detector (cut-off at 2.3 μm, higher signal-to-noise ratio, used for sample A) or a
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thermoelectric-cooled lead sulfide detector (cut-off at 3 μm, lower signal-to-noise ratio but with
extended spectrum response, used for samples B, C, and D). Temperature-dependent PL spectra
of samples A, B, C and D are shown in Figure 3.9a–d. In (a), The direct peaks are marked by
upwards arrows, while downward arrows indicate the indirect peaks. In (b) and (c), a broadened
PL peak indicates the existence of two peaks with a large spectral overlap. In (d), only a single
peak with narrowed line-width was observed, suggesting a direct bandgap material. The detailed
discussion is presented as follows:

Figure 3.9. Temperature-dependent PL spectra of (a) sample A, (b) sample B, (c) sample C,
and (d) sample D. Each curve is stacked for clarity [96].
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For sample A (4% Sn), the PL peaks related to the direct and indirect transitions were
clearly seen at each temperature (Figure 3.9a). At 300 K, the peaks at 1800 and 2000 nm were
attributed to direct and indirect bandgap transitions, respectively. The direct peak was stronger
than the indirect peak due to the strong radiative recombination of the direct bandgap transition.
As temperature decreased, the direct peak decreased rapidly while the indirect peak increased. At
temperature below 100 K, the indirect bandgap transition began to dominate the PL. Both the
direct and indirect peaks experienced a blue shift by decreasing the temperature – the nature of
temperature-dependent bandgap tuning. The direct and indirect optical emission competition has
been fully investigated in Ref. 111. Furthermore, a small peak at around 1600 nm could be seen
in the spectrum at 300 K, which was attributed to the direct bandgap transition in Ge because it
matches the wavelength of emission from Ge direct bandgap transition.
For sample B (8% Sn), the PL peaks arising from direct and indirect bandgap optical
emission were difficult to be identified due to the small separation between the direct and the
indirect bandgap energies. However, a peak with a flat top was observed at 100 K, indicating the
existence of two peaks with a large spectral overlap. As temperature decreased from 300 K, the
high energy tail of the main peak dropped while the low energy tail grew, reflecting the
competing optical emission process. This competition was in agreement with the PL behavior of
sample A. Compared with sample A, the position of the main peak in Figure 3.9b was extended
to 2100 nm at 300 K as a result of increased Sn composition. Note that the rippling
characteristics of PL spectra were due to the relatively low signal-to-noise ratio of the lead
sulfide detector (similar features of PL spectra were observed in sample C and D).
Due to further reduced energy separation between direct and indirect bandgap, the direct
peak of sample C (9% Sn) nearly coincided with the indirect peak, resulting in observation of
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only a single peak with broadened line-width. The line-width of the peak was similar to that of
sample B at each temperature, indicating the existence of two overlapped peaks, which implied
that sample C was still an indirect bandgap material. The position of the main peak was extended
to 2150 nm at 300 K.
For sample D (10% Sn), a comparison of spectra with that of samples B (8% Sn) and C
(9% Sn) clearly revealed two major differences: 1) no competition between the high and low
energy tails of the observed main peak, indicating that the PL emission could come only from
one type of optical transition; and, 2) the line-width of the peak was narrower than that of
samples B and C at each temperature, indicating the highly probable existence of a single peak.
Since in the radiative recombination rate for direct bandgap, optical transition is higher than that
in a phonon-assisted indirect bandgap optical transition, this peak was assigned to a directbandgap transition. Therefore, sample D was most likely a direct bandgap material. In addition,
the position of the peak in Figure 3.9d was further extended to 2230 nm at 300 K, which is the
longest wavelength reported so far for GeSn grown using commercially available precursors
(SnCl4 and GeH4).
In order to further confirm the direct bandgap of sample D, the PL line-width and PL
peak position versus temperature was investigated. The peaks in Figure 3.10 were first fitted by a
Gaussian distribution and then the full width at half maximum (FWHM) were extracted to
determine the line-width. The plot of line-width as a function of temperature is shown in Figure
3.10a (sample A was not included since its bandgap property was noticeably different). At 300
K, the line-width of samples B and C were 91 and 84 meV, respectively, whereas that of sample
D was 53 meV. As temperature decreased, the line-width of samples B, C and D slightly
decreased. The line-widths of sample B and C were nearly twice that of the sample D at the
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temperature range from 300 to 100 K, implying that only a direct bandgap transition contributed
to the PL of sample D. Furthermore, the smooth temperature – line-width curve in sample D
indicated the identical mechanism of PL spectra formation at each temperature; therefore, the
direct bandgap transition dominated the PL from 300 to 10 K. This fact confirmed that sample D
was a direct bandgap material.

(a)

Figure 3.10. (a) The line-width of the PL peaks as a function of temperature for samples B, C,
and D. (b) Sn composition-dependent bandgap energies at room temperature.

Figure 3.10b shows the Sn composition-dependent bandgap energies (extracted from
positions of PL peak in Figure 3.9) at room temperature. Results from previous studies were also
plotted to illustrate the transition process of GeSn alloy from indirect to direct bandgap material.
There are three regions in Figure 3.10b. Region (i) and (ii) correspond to indirect bandgap
material, while region (iii) corresponds to direct bandgap material. The triangular data points are
samples used in the previous section, and the circular data points are samples in this section,
respectively. Sample D is located in the region (iii), which is determined as a direct bandgap
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material. The solid and dashed lines are eye guidance of direct and indirect bandgap energies,
respectively.
In region (i), two PL peaks ascribed to the direct and indirect bandgap transition could be
clearly seen. In region (ii), a single PL peak with broadened line-width could be observed. In
region (iii), a single PL peak with narrowed line-width could be observed. Sample A was located
in the region (i), and samples B and C were in region (ii). Based on the line-width of PL peak
study shown in Figure 3.10a, the broadened peak in the region (ii) consisting of two overlapped
peaks indicated that region (ii), together with region (i), were linked to the indirect bandgap
material (corresponding to the indirect region in Figure 3.7). Region (iii) associated with the
sample D, whose PL spectra consisted of a single peak with narrowed line-width. Therefore,
sample D was determined as a direct bandgap material. Region (iii) was linked to the direct
bandgap material (corresponding to the direct region in Figure 3.7). The dashed and dotted lines
were simply linear fitting of direct and indirect bandgap energies for eye guidance purpose. As
Sn composition increased, the energy of the direct bandgap reduced more rapidly than that of the
indirect bandgap, resulting in the indirect-to-direct bandgap transition taking place at the Sn
composition between 9 and 10%, which followed the predicted tendency [124] .
In conclusion, material, and optical studies were conducted on GeSn alloys with Sn
composition up to 10%. The x-ray measurement revealed that Ge0.9Sn0.1 alloy was located at the
uncertain region. The temperature-dependent PL spectrum of Ge0.9Sn0.1 alloy showed a single
peak with narrowed line-width at each temperature, which was assigned to a direct bandgap
transition. These results indicated that the Ge0.9Sn0.1 alloy was a direct-bandgap material.
Furthermore, the wavelength of PL emission from the Ge0.9Sn0.1 thin film was observed at 2230
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nm, which suggested that the operating wavelength of GeSn-based optoelectronic devices could
be extended to the mid-infrared range.
3.5 Photoluminescence measurements of thick GeSn films
In the last section, it was shown that increasing Sn composition (≥ 10%) of thin GeSn
films eventually led to achievement of a direct bandgap GeSn material favorable for group-IV
based light emitters. However, increasing the Sn composition results in Sn segregation and
degradation of the material quality once GeSn films are employed in further process for device
fabrication. To avoid such a problem, it is required to have direct bandgap GeSn material with
lower Sn incorporation. That could be achieved by reducing the compressive strain and
increasing the thickness of the film. In this study, the GeSn films were grown with Sn
compositions lower than 10%, but thickness of higher than 300 nm. Material characterization
showed that the grown thick GeSn films contained two distinguishable layers: 1) a thin (~200
nm) defective strained GeSn layer which is called sacrificial layer; and, 2) a thick (≥ 350 nm)
defect-free relaxed layer with high crystalline quality. The room temperature and low
temperature PL results clearly showed an enhancement in the optical quality of the direct
bandgap thick GeSn films.

3.5.1 Growth mechanism of thick GeSn films
The epitaxial GeSn films were grown on top of 700 nm Ge buffer layer on the Si (100)
substrate using ASM Epsilon® 2000-Plus commercially available system. The deposition was
done in a single run epitaxy which is an advantage compared to the Ref. 109. A pre-calibrated
recipe was used to grow thick GeSn films. Also, a 10 nm Ge cap was grown on top of the
structure. The growth temperature was below 400 oC to make sure it was compatible with CMOS
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process. The composition of the thick samples was varied from 5% to 10% based on the recipe;
however, the actual Sn compositions, thicknesses, and relaxation information were obtained by
material characterization.

3.5.2 Material characterization of thick GeSn films
Figure 3.11 shows the cross-sectional TEM and 2θ-ω XRD scan and RSM on the grown
thick GeSn samples.

Figure 3.11. (a) The TEM image of the sample with 10.9% Sn composition and ~ 600 nm total
thickness of the GeSn layers. (b) The 2θ-ω XRD scan from (004) plane of the thick GeSn films.
The RSM plot of sample C is shown in the inset.

The TEM image clearly showed that the defects were located within the Ge/Si interface
and Ge/GeSn interface. The formation of threading dislocation at the interfaces stopped the
propagation of the defects through the GeSn layer. The defects, trapped at the Ge and GeSn
bottom layer interface, provided a defect-free GeSn top layer. The two separate GeSn layers
were also identified in the 2θ-ω XRD scan and RSM plot. Si substrate peak at 69o and Ge peak
and GeSn peaks are shown at 66.2o and 65o, respectively. The observed shoulder on the GeSn
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peaks at 65o represented the GeSn bottom layer. It was also shown in the RSM of sample C
presented in the inset of Figure 3.11b that the GeSn top layer was almost relaxed. The results of
the material characterization, including the actual Sn composition, layers thicknesses, and
relaxation of the GeSn top layer, are provided in Table 3.4.

Table 3.4. Summary of measurement results of samples in this study
Sample #

Sn composition (%)
GeSn bottom layer

A

GeSn top layer

Single GeSn layer with 5.12% Sn

Total GeSn thickness
(nm)

Relaxation
(%)

420

72

B

6.2

7.1

500

81

E

8.9

10.6

600

82

3.5.3 PL measurement on the thick GeSn films
The PL measurement was performed on the GeSn thick films to study the bandgap
emission and optical quality of the samples. Photoluminescence (PL) measurement was
performed at temperatures of 10 and 300 K. A diode-pumped solid-state CW laser operating at
532 nm with output power of 500 mW was used as excitation source. Emissions from the GeSn
samples were collected by a spectrometer, and the collected light was then sent to the detector.
A lead sulfide (PbS) detector with a cut-off wavelength at 3 µm was used for detection of the PL
spectrum. To eliminate the scattered laser light, a long-pass filter was placed in front of the
spectrometer entrance [104].
The normalized room-temperature PL spectra of samples A to C are presented in Figure
3.12. A clear red-shift was detected indicating the shrinkage of the bandgap by increasing the Sn
composition. The energy difference between the direct and indirect bandgap for each sample was
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small, therefore, two separate peaks related to the direct and indirect emission were not
identified. It is worthwhile to mention that the PL peak position of the strain-relaxed thick GeSn
samples was shifted towards the longer wavelength compared to the thin GeSn samples with the
same Sn composition. Relaxation of the GeSn layer eventually lowers both Γ and L valleys in the
conduction band and pushes the crossover point (where the difference between the Γ and L
valleys is zero) toward the lower Sn compositions for GeSn material. This fact obviously shows
that less compressive strain and more relaxation in the lattice of the films not only change the
GeSn bandgap from indirect to direct but also provides emission at longer wavelength promising
for mid-infrared optoelectronic applications.

Figure 3.12. The normalized PL spectra of thick GeSn samples (samples A to C) at room
temperature [104].

Temperature-dependent PL measurement was conducted on the samples as shown in
Figure 3.13. Except for sample A, all samples showed a dramatic enhancement of the PL
intensity once temperature was decreased. The PL intensity at low temperature for sample C was
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almost 400 times higher than sample A. Higher PL intensity indicates the improvement of the
optical quality of sample C. That enhancement, along with the reduction of PL spectra linewidth, indicated that the PL emission mainly came from the direct bandgap recombination. The
intensity was related to the higher recombination rate for direct gap emission since samples B
and C were direct bandgap GeSn. The reduction of the PL spectrum linewidth and a surge in the
PL intensity confirmed that judgment.

Figure 3.13. The comparison between the PL spectra of sample A and C at 10 K (a) and 300 K
(b). (c) The temperature-dependent PL of sample B from 10 K to 300 K.
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As mentioned in the PL setup details, the PL measurements were done using 532 nm CW
laser. Since the penetration depth of the 532 nm laser is less than 100 nm in the GeSn, it would
have been beneficial if an excitation source with a longer wavelength was employed, so it could
penetrate more into the sample and generate more carriers which consequently would have
increased the PL intensity. That type of excitation is favorable for an optically-pumped GeSn
laser which will be discussed in Chapter 6.
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Chapter 4. Study of SiGeSn/GeSn/SiGeSn quantum well structures
4.1 Motivation
Developing GeSn-based light-emitting devices has opened a new opportunity for Sibased optoelectronic technology [125]–[127]. The recent demonstration of direct bandgap GeSn
[96], [110] and the optically-pumped GeSn laser [92] indicates the great potential of GeSn that
can be used as efficient group IV based light emitters. The GeSn light emitting diodes (LEDs)
based on advanced structures, such as double heterostructures (DHS) [128]–[133] and a multi
quantum well (MQW) [134], [135] have been reported. Compared to DHS, the QW features a
higher efficiency of light emission. The QW based GeSn laser are expected to have reduced
threshold carrier densities [136]–[141]. It has been reported that the GeSn MQW LED has an
improved light emission [135]. However, based on theoretical calculations in the same report,
using Ge as a barrier layer cannot achieve Type-I band alignment. In order to gain design
flexibility regarding bandgap and lattice constant, a ternary SiGeSn barrier layer has been
proposed, featuring separate tuning of the bandgap and lattice constant by incorporating
appropriate Si and Sn compositions into Ge. Although the growth of SiGeSn is more challenging
particularly when large Si content is required, thanks to the advanced low temperature material
growth technique, high material quality of SiGeSn have been reported recently [108], [142].
In this study, the SiGeSn/GeSn/SiGeSn single-QW (SQW) emitters were investigated.
The materials were grown on Si using an industry standard chemical vapor deposition reactor
with low-cost precursors. The temperature-dependent photoluminescence (PL) was performed,
and direct and indirect peaks were identified and analyzed. Moreover, the electronic band
structures were studied, which confirmed that the PL emission originates from the QW structure
with Type-I band alignment.
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4.1 Growth and material characterization of SiGeSn/GeSn QW structures
The SiGeSn/GeSn/SiGeSn QW structures were epitaxially grown on 200 mm Si (100)
using an industry standard ASM Epsilon® 2000-Plus reduced pressure chemical vapor deposition
(RPCVD) system. Low cost, commercially available SiH4, GeH4, and SnCl4 were used as Si,
Ge, and Sn precursors, respectively. A 700 nm thick Ge buffer layer was grown prior to QW
growth by a two-step growth method. Two QW structures with a variation of Si and Sn
compositions were grown consisting of a 50 nm thick SiGeSn barrier, a 10 nm thick GeSn well,
and another 50 nm thick SiGeSn barrier. A 10 nm thick Ge cap layer was deposited at the very
top. The Si/Ge/Si0.07Ge0.88Sn0.05/Ge0.92Sn0.08/Si0.07Ge0.88Sn0.05/Ge QW structure and Si/Ge/
Si0.12Ge0.79Sn0.09/Ge0.9Sn0.1/ Si0.12Ge0.79Sn0.09/Ge QW structure were labeled as sample A and B,
respectively. Schematic of the sample cross-section is shown in Figure 4.1a.

Figure 4.1. (a) Schematic of the QW sample cross-section (not to scale); (b) typical TEM image
of sample B.
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After growth, material characterization techniques including cross-sectional transmission
electron microscopy (TEM) and high-resolution X-ray diffraction (HRXRD) were employed to
investigate the layer thickness, the Si and Sn compositions, and the strain for each sample.
Figure 4.1b shows a typical cross-sectional TEM image of sample B. Each layer could
be clearly resolved and featured low defect density. The high material quality was due to the
optimized growth of the Ge buffer which localized the defects at the Ge/Si interface allowing
almost no threading dislocations to propagate to the active layers. The measured thickness of
each layer was consistent with the target value within an error of ±5 nm for the barrier and ±2
nm for the QW region.
The XRD 2θ- scan from (004) plane of sample B is shown in Figure 4.2. The gray and
red curves were plotted according to experimental data and simulation, respectively. The Ge,
SiGeSn, and GeSn peaks were clearly observed. The multiple oscillations were associated with
the thickness of multi-layered structure (thickness fringes). Their presence indicated the high
quality of the interfaces and permitted the extraction of the thickness of the layers. The
experimental data agreed well with the simulation results. The reciprocal space map (RSM) of
sample B was performed from asymmetrical plane (2̅2̅4) to find the out of plane lattice constant
as well as strain information of the layers. The strain calculation of the layers was made based on
the slight tensile strain of the Ge buffer layer. The RSM shown in Figure 4.2 inset revealed that
all SiGeSn and GeSn layers were lattice matched (in-plane) to the Ge buffer layer and, thus,
featured compressive strain due to their larger lattice constants compared to that of Ge. Due to
the realization of the GeSn QW layer, lattice matched to the Ge buffer layer, both QW layers in
samples A and B experienced -0.8% and -1.59% compressive strain, respectively. That much
strain eventually affected on the bandgap of GeSn QW layers and pushed them to be an indirect
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bandgap material. More details will be discussed in section 4.3.

Figure 4.2. The XRD 2θ- scan of sample B. The gray and red curves are experimental data and
simulation results, respectively. Inset: The RSM shows that each layer was grown
pseudomorphically to the Ge buffer.

Characterization results achieved through simulation of the XRD results of these two
samples are summarized in Table 4.1.
Table 4.1. Information of QW samples in this study
Sample A

Sample B

Si
(%)

Sn
(%)

Thickness
(nm)

Strain
(%)

Si
(%)

Sn
(%)

Thickness
(nm)

Strain
(%)

Ge cap

0

0

11.0

0.01

0

0

10.0

0.01

SiGeSn
barrier

7.00

4.78

50.0

-0.53

12.00

8.51

42.0

-0.84

GeSn well

0

6.97

8.0

-0.80

0

9.51

12.0

-1.59

SiGeSn
barrier

7.00

5.61

46.0

-0.41

12.00

9.27

44.5

-0.71

Ge buffer

0

0

700.0

0.01

0

0

700.0

0.01
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4.2 Photoluminescence study of SiGeSn/GeSn/SiGeSn QW structures
Temperature-dependent PL measurements were performed using a helium cooled closedcycle cryostat. A continuous wave (CW) 532 nm laser with 500 mW power was used to excite
the samples through the standard off-axis configuration with a lock-in technique. The PL
emission was delivered to a spectrometer and was then collected onto a thermoelectric-cooled
lead sulfide (PbS) detector with the cut-off at 3 µm.
Figure 4.3a shows the temperature-dependent PL spectra of sample A. The Gaussian
fitting was used to identify the PL peak position [116], [117]. At room temperature, the PL peak
was at 0.647 eV (1917 nm). As the temperature decreased, this peak shifted toward shorter
wavelength as expected (marked as a downwards arrow) due to the bandgap increase at a lower
temperature. At the same time, the peak intensity monotonically decreased, and almost
disappeared at 150 K. This peak was assigned to the direct bandgap transition, whose decreased
intensity at a lower temperature could be attributed to the reduced number of carriers populating
the Γ valley in the conduction band (CB). The broadened PL peak linewidth was observed at
temperatures between 200 and 100 K, indicating the existence of two peaks that partially
overlapped. At 200 K, the peak at 0.605 eV (2050 nm) was associated with the indirect bandgap
transition.
As the temperature decreased, the intensity of the indirect peak significantly increased
and became dominating at temperatures below 100 K (marked as an upwards arrow). This is
because the decrease in non-radiative recombination at lower temperature led to band filling in
the L valley in CB, resulting in the enhanced PL emission. At 10 K, the indirect peak blueshifted to 0.642 eV (1931 nm). The sharp peak observed at 2128 nm was the fourth-order
diffraction from the 532 nm excitation laser, as it doesn’t shift with the temperature. Later in
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section 4.3, the relation between the PL results and the bandgap energy calculations will be
discussed.

Figure 4.3. Temperature-dependent PL spectra of (a) sample A and (b) sample B.

The temperature-dependent PL spectra of sample B are plotted in Figure 4.3b. The
behavior of PL peak variation was consistent with that of sample A. At 300 K, the direct peak at
0.585 eV (2120 nm) dominated the PL. As temperature decreased, the intensity of the direct
peak decreased. At 200 K, the indirect peak at 0.554 eV (2238 nm) emerged. The intensity of
the indirect peak increased as the temperature decreased. At the temperatures below 100 K, the
indirect peak dominated the PL, and it blue-shifted to 0.585 eV (2120 nm) at 10 K.
The detailed temperature-dependent PL peak positions for both indirect and direct
bandgap transitions were fitted using the Varshni relation Eg(T)=Eg(0)-αT2/(T+β), where the
Eg(0) is the bandgap energy at 0 K, and α and β are the material-dependent parameters related to
the thermal coefficient. The parameters are listed Table 4.2 and are beneficial for the
temperature-dependent investigation of the bandgap of GeSn QWs.
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Table 4.2. Fitting parameters extracted by Varshni’s relation fitting
Fitting
Parameters
Eg (0) (eV)
α (eV/K)
β (K)

Sample A

Sample B

Direct

Indirect

Direct

Indirect

0.704±0.002

0.641±0.004

0.634±0.008

0.592±0.001

3  10 4 ±
1.2  105

3.3  10 4 ±
2  10 5

1.9  10 4 ±
6  10 5

172±14

183±11

269±46

2.8  10 4 ± 2.1  10

5

172±26

4.3 Band structure calculation of SiGeSn/GeSn QWs
In order to further understand the characteristics of the PL emission from the QW
structures, the electronic band structures of samples A and B were calculated using the effective
mass and 6-band K.P methods for CB and valence band (VB), respectively [136], [143], [144].
The quantized energy levels were obtained using the effective mass approximation. Based on the
Ref. 135, the Hamiltonian for the strained 6-band K.P methods attributed to the strained
semiconductor with spin-orbit split off (Δ) at the band edge (K=0) is equivalent to:
 P
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0
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(Equation 4.1)

where the band edge energies of the heavy hole (HH) and light hole bands are:
E HH ( K  0)  ( P  Q )  av ( xx   yy   zz ) 
E LH ( K  0)   P 

b
( xx   yy  2 zz )
2

1
(Q    2  2Q  9Q 2 )
2
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(Equation 4.2)

(Equation 4.3)

In the above equation, 𝜀𝑥𝑥 and 𝜀𝑦𝑦 are the in-plane strain and 𝜀𝑧𝑧 is an out-of-plane strain
in the lattice constant of each layer. 𝑎𝑣 and b are the hydrostatic deformation potential and shear
deformation potential of the valence band, respectively. The in-plane strain is related to the top
layer lattice constant (a) and the bottom layer lattice constant (𝑎0 ) via the following equation:

 xx   yy 

a0  a
a

(Equation 4.4)

and the out-of-plane lattice constant is related to the elastic stiffness constants (C11 and C12) and
also the in-plane lattice constant (𝜀𝑥𝑥 ).

 zz  

2C12
 xx
C11

(Equation 4.5)

The conduction band edge energy is also presented as:

Ec (K  0)  Eg  ac ( xx   yy   zz )

(Equation 4.6)

where 𝐸𝑔 is the bandgap of the material and ac is the hydrostatic deformation potential of the
conduction band.
All parameters required to calculate the energy levels are listed in the Appendix B.
Using the Vegard’s law, the bandgap energies for the binary GeSn and ternary SiGeSn are
introduced as:

Eg (Ge1 x Snx )  EgSn( x)  EgGe (1  x)  bGeSnx(1  x)

(binary GeSn)

E g ( Si y Ge1 x  y Snx )  E gSn ( x)  E gGe (1  x  y )  E gSi ( y ) 
bGeSn x(1  x  y )  bSiGe y (1  x  y )  bSiSnxy

(ternary SiGeSn)

(Equation 4.7)
(Equation 4.8)

In the above equations, 𝑏𝐺𝑒𝑆𝑛 , 𝑏𝑆𝑖𝐺𝑒 ,, and 𝑏𝑆𝑖𝑆𝑛 , are the bowing parameters. Both Γ and L valleys
have specific bowing parameters that are listed in Table 4.3.
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Table 4.3. Bowing parameters of the gamma and L valleys extracted from Ref. [143], [145].
Valley
bGeSn
bSiGe
bSiSn
Γ

2.92

0.2

3.9

L

0.68

0.33

2.12

Based on Jaros’ band offset theory, the linear interpolation of the average valence band
position for the SiyGe1-x-ySnx is provided as:

Ev.avg (Si y Ge1x y Snx )  0.48y  0.69x

(Equation 4.9)

Considering the spin-orbit splitting for the SiyGe1-x-ySnx as:

 SO (SiyGe1 x  y Snx )  0.295(1  x  y)  0.043y  0.800x

(Equation 4.10)

the relation for the top of the valence band could be simply achieved using

Ev ( Siy Ge1 x  y Snx )  Ev, avg ( Siy Ge1 x  y Snx ) 

 SO ( Siy Ge1 x  y Snx )
3

(Equation 4.11)

In the above calculations, y is equal to zero for the GeSn binary alloy. Thus, the band
alignment between the GeSn QWs and SiGeSn barriers for both sample A and B could be
obtained. The linear interpolation was utilized to achieve the hydrostatic and shear deformation
potential and also the elastic constants for the binary GeSn and ternary SiGeSn. The following
equations were applied to calculate the effective mass in the conduction band and for the heavyhole and light-hole in the valence band [136]. In the following equations, 𝑚𝑒−𝐶 , is the effective
mass of the SiGeSn ternary alloy in the conduction band and 𝑚𝑒−𝐺𝑒 , 𝑚𝑒−𝑆𝑖 , and 𝑚𝑒−𝑆𝑛 are the
effective masses of Ge, Si, and Sn in the conduction band, respectively.

me C (SiyGe1 x  y Snx )  me Ge (1  x  y)  me  Si y  me  Sn x
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(Equation 4.12)

mHH 

m0
 1  2 2

and m LH 

m0
 1  2 2

(Equation 4.13)

where m0 is the electron mass, 𝑚𝐻𝐻 and 𝑚𝐿𝐻 are the heavy-hole and light-hole effective masses.

γ1 and γ2 are Luttinger parameters extracted from Ref. 92. Figure 4.4a shows the electronic band
structure of sample A.
Based on Vegard’s law with the selected bowing parameters, the SiGeSn barriers and
GeSn QW were indirect bandgap materials. The Γ valley was located above the L valley in the
conduction band of the QW structure. Moreover, Type-I band alignment was achieved at Γ and
L valleys in CB as well as for the heavy hole (HH) and light hole (LH) in VB, which provided a
favorable carrier confinement in the GeSn QW region. The barrier heights in CB were ΔEΓ = 177
meV and ΔEL = 11 meV at Γ and L valleys, respectively. Since the 11 meV at L valleys was less
than the thermal energy (1 kBT ~ 26 meV) at room temperature, the SiGeSn barriers, and the
GeSn well did not offer sufficient electron confinement for the GeSn well at the L valley. In
addition, at room temperature the L valley electrons could gain thermal energy and populate the
first quantized energy level at Γ valley (n1Γ), resulting in the PL emission being dominated by the
direct bandgap transition due to the higher recombination rate of the vertical transition from n1Γ
to n1HH. The confinement of holes in HH and LH bands (annotated as ΔEHH and ΔELH in
Figure 4.4) was calculated, and the barrier heights were 49 and 17 meV, respectively.
Note that the energy (ΔE) between the ground-state at the Γ point in CB (n1Γ) and the groundstate in HH band (n1HH) was calculated to be 0.648 eV, which agreed well with the measured PL
spectrum at room temperature (PL peak at 0.647 eV). At lower temperature (<100 K), due to the
decreased thermal energy kBT, the SiGeSn barriers and GeSn well offers improved carrier
confinement at the L valley in CB. Furthermore, the reduced non-radiative recombination
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velocity and thermally excited carriers enhanced the indirect bandgap transition, therefore
leading to the indirect emission dominating the PL at a lower temperature. The electronic band
structure of sample B is shown in Figure 4.4b.

Figure 4.4. SiGeSn/GeSn/SiGeSn SQW electronic band structure for (a) sample A and (b) sample
B.
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Due to the increased Sn composition in the GeSn QW compared to that in sample A, the
bandgap energy separation between Γ and L valleys of GeSn was decreased. Nevertheless, due to
the quantization effect, the ground state at the Γ point in CB (n1Γ) was still higher than the L
valley ground state of the QW region and barriers meaning that the sample was an indirect
bandgap material. Yet, the probability of the Γ valley being occupied by thermally activated
carriers was higher in sample B than that of sample A. This explains that at room temperature,
the PL emission intensity was stronger for sample B, as can be seen in Figure 4.4. The energy
(ΔE) between the ground-state at Γ point in CB (n1Γ) and the ground-state in HH band (n1HH) was
calculated as 0.585 eV, matching with the PL peak position shown in Figure 4.4b. At lower
temperature, the indirect bandgap transition dominated, but the direct bandgap transition
contributed to the PL as well, resulting in broader peak linewidth than that of sample A. The
detailed band structure calculation results are summarized in Table 4.4.

Table 4.4. Summary of SiGeSn/GeSn/SiGeSn SQW band structure
Sample

ΔEΓ (meV)

ΔEL (meV)

ΔEHH (meV)

ΔELH (meV)

ΔE (eV)

A

177

11

49

17

0.639

B

284

10

80

34

0.583

Although for sample B the Γ valley minimum of GeSn well was below the L valley
minimum of the SiGeSn barrier, the quantization effects make the ground-state at the Γ point of
GeSn above the L valley minimum of the SiGeSn barrier, which reduced the electron
confinement. To optimize the QW structure for the development of light emitters such as LED
and laser, a direct bandgap GeSn well is desired, which can be achieved by incorporating more
Sn (> 12%), as demonstrated in Ref. 31. The theoretical study indicated that with 12.5% Sn, the
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ground-state at the Γ point could be lower than that of L valley minimum of GeSn well. Since the
ternary SiGeSn alloy allows for separate tuning of bandgap energy and lattice constant, a wide
bandgap barrier ~ 1 eV with target lattice constant can be obtained. In Chapter 7 (future work),
the lattice constant that induces desired compressive strain of the GeSn well will be designed.

4.4

Photoluminescence study of SiGeSn/GeSn/SiGeSn quantum wells using different

excitation lasers
In this section, the effect of different excitation lasers on the bandgap emission of the
SiGeSn/GeSn QW structures is described. The PL emission of a semiconductor bandgap strongly
depends on three parameters: 1) the energy of the excitation laser; 2) laser power density; and, 3)
the length in which the laser can penetrate inside the semiconductor. The higher energy and
power density of the excitation laser results in the generation of more carriers that eventually
participate in the recombination process. Also, the more that the excitation laser penetrates inside
the semiconductor, the higher number of carriers were generated. In this study, the effect of three
different excitation lasers on the PL emission of SiGeSn/GeSn QW structures was explored. The
previous 532 nm CW laser, employed to examine the optical characteristics of QW samples, was
limited to the maximum power density of 15 kW/cm2. It would be valuable from the physics
aspect to use laser sources with higher power densities and scrutinize the QW emission under
high power density excitation. The QW structures used in this study were exactly identical to
samples A and B in the previous section of this chapter. The laser sources used in this analysis
consisted of: 1) a 532 nm continuous wave diode-pumped semiconductor laser; 2) a 1064 nm
pulsed laser with a pulse width of 5 ns and repetition rate of 45 kHz; and, 3) a 1550 nm
continuous wave fiber laser. The standard off-axis PL setup was exploited to investigate the PL
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emission in room temperature and low temperature. Based on the varied power densities and also
different penetration depth of the lasers, distinctive PL emission characteristics were observed.
Analysis of the PL emission at room temperature and low temperature indicated that the 1064
nm pulsed laser with high power density and large penetration depth increased the carrier
concentration in the Ge buffer and cap layers and also SiGeSn layers. That phenomenon
suppressed the emission from the GeSn QW region and the PL emission from Ge and SiGeSn
were the dominate emissions while using the 1064 nm pulsed laser.

4.4.1 Excitation energy and penetration depth of the different laser sources
The excitation energy of the lasers and also their penetration depth inside the QW
samples were different. The 532 nm laser had higher excitation energy (Eexc=2.33 eV) than 1064
nm laser (Eexc=1.2 eV), and both were higher than 1550 nm laser (Eexc=0.8 eV). Moreover, the
penetration depths of the lasers were different in each layer of the QW structure due to the
change in the layer absorption coefficients. In order to have a better understanding of the
penetration depth of each laser employed in this study, the absorption coefficient of Ge, SiGeSn,
and GeSn layers in sample A and B is provided. Simply, 1/(absorption coefficient) was
considered as a nominal penetration depth for lasers presented in Table 4.5.

Table 4.5. The penetration depth (nm) of the layers used in the QW structures of sample A and
B at 532, 1064, and 1550 nm wavelengths.
Sample A

Sample B

Ge

Si0.07Ge0.88Sn0.05

Ge0.93Sn0.07

Ge

Si0.12Ge0.88Sn0.09

Ge0.9Sn0.1

532 nm

38

18

20

36

19

21

1064 nm

1006

480

535

1006

503

418

1550 nm

7758

965

1418

7758

780

916

65

As indicated in Table 4.5, the penetration depth of 532 nm laser in the layers of QW
structures was less than 50 nm, however, for 1064 nm and 1550 nm lasers, the penetration depths
were almost more than 500 nm indicating that both lasers could excite the Ge buffer layer. Thus,
the bandgap emission from Ge buffer layer influenced on the overall emission of the QW
structure. Figure 4.5 illustrates the excitation energy (a) and estimated penetration depths (b) of
532 nm, 1064 nm, and 1550 nm lasers.

Figure 4.5. (a)Illustration of excitation energy of the three lasers used to study the emission of
the QW samples. (b) Estimated penetration depth of the three lasers inside the QW structures.
None of the diagrams are to scale.

As shown in the Figure 4.5a, the 532 nm and 1064 nm lasers were able to excite the
carriers higher than the Γ valley and L valley minimum of all layers. Lower excitation energy of
the 1550 nm laser reduced the carrier densities in the QW structures. On the other hand, both
1064 nm and 1550 nm lasers penetrated all the way down to the Ge buffer layer that eventually
enhanced the carrier density available for the recombination process due to the high thickness of
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the Ge buffer layer. Overall, the 1064 nm laser was able to provide the highest carrier
concentration due to its high penetration depth and relatively high excitation energy.

4.4.2 Experimental procedure
To investigate the effect of each laser on the optical emission of QW structures, the PL
spectra of samples A and B were examined under different excitation lasers using the standard
off axis PL setup. The grown SiGeSn/GeSn QW samples, labeled as samples A and B in the
previous section, were mounted inside the closed cycle cryostat of the PL setup. The
configuration of the PL setup was similar to the one explained in Chapter 2. Integration of three
different laser sources in the PL system is one of the most unique capabilities of the home-built
PL setup. Samples A and B were optically excited using excitation lasers CW 532 nm, pulsed
1064 nm, and CW 1550 nm and the PL spectra of each sample were measured at 10 K and 300
K. The repetition rate of the 1064 nm pulsed laser was 45 kHz and the pulse width was 6 ns. To
avoid penetration of the laser sources inside the spectrometer, specific longpass filters were
placed in front of the spectrometer entrance slit. The PL emission of sample A and B under
different excitation power densities was desired. Therefore, the laser powers were adjusted to
different values for that purpose.
Table 4.6 presents the power density information of three different excitation lasers used
in this study. As indicated in Table 4.6, the power density of the 1550 nm CW laser was almost
ten times higher than the one for the 532 nm CW laser. The peak power density of the pulsed
laser was one order of magnitude higher than that of 1550 nm and two orders of magnitude
higher than that of 532 nm laser. Furthermore, the number of incident photons per second per
unit area could be calculated for each laser based on their power densities and wavelengths.
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Calculation of the incident photon numbers could be beneficial to understand the generated
carrier density in the QW samples.

Table 4.6. The summarized information of the average power, power densities and the number of
incident photons on the samples generated by lasers.
Excitation laser Average
Average
Peak power Energy
Number of
power
power density
density
per pulse incident photons
(W)
(kW/cm2)
(kW/cm2)
(J/cm2)
(cm-2s-1)
532 nm CW
0.65
15
4 × 1019
1064 nm pulsed

0.2

-

2.7x104

0.13

3 × 1022

1550 nm CW

0.7

160

-

-

2 × 1021

The number of photons per unit area (cm2) per unit time (s) for the CW lasers was
obtained based on the following equation:
n

E Pt

hc
hc

(Equation 4.14)

where E is photon energy in the unit of Joule, P is the power density, n is the number of photons,
h is the Planck constant, C is the light speed, and lambda is the wavelength of the laser excitation
source.
For the pulsed 1064 nm laser, the calculation was different. In the pulsed laser, the energy
of each pulse per unit area was calculated using the subsequent equation:

E pulse 

Pavg
( R)( Area)

(Equation 4.15)

where Pavg is the laser average power and R is the repetition rate of the pulsed laser. Applying
the above equation to Equation 4.14 gave the number of photons per unit area per pulse. The
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total number of photons per unit area per unit time was achieved by multiplying the above value
by the repetition rate (45 kHz). The calculation results are summarized in Table 4.6.

4.4.3
lasers

Results of PL measurements on SiGeSn/GeSn QW samples using different excitation
After adjusting the laser powers based on Table 4.6, the laser beam was delivered to the

QW samples and the PL spectra were collected at 10 K and 300 K for sample A and B,
respectively. The PL peak positions were extracted to analyze the transitions due to the
excitation of carriers. Figure 4.6a and 4.6b show the PL spectra of sample A at 10 K and 300 K,
and Figure 4.6c and 4.6d indicate the PL spectra of sample B at 10 K and 300 K. The achieved
PL spectra from 532 nm, 1064 nm, and 1550 nm lasers are shown in black, red, and blue colors,
respectively. All observed peaks in each plot were labeled as numbers in order to clearly identify
the peak and describe the related transition. In Figure 4.6a, the PL emissions of sample A at 10 K
is presented. Peaks No. (1) and (2) at 1475 nm and 1688 nm were related to the direct and
indirect bandgap transition of Ge buffer layer and cap layer. Two possibilities exist for the
transition source of peak No. (3) at 1768 nm; first, it might have been related to the indirect
bandgap emission of the SiGeSn barriers. It could also be assigned to the n2L-n2HH transition of
the GeSn QW. Further evidence in the next section reveals that peak No. (3) was related to the
SiGeSn bandgap emission. This emission was fairly identical to the PL emission of a SiGeSn
film with the same thickness and compositions of the barriers layer. The PL results of the
SiGeSn films with three different excitation lasers at 10 K and 300 K will be discussed later.
Peaks No. (4) and (5) had almost the same positions at 1947 nm which were attributed to
the n1L-n1HH transition of the GeSn QW. It is important to notice that for the pulsed laser, the
n1L-n1HH transition in the GeSn QW was not dominant. This phenomenon was related to the
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high population of the carriers distributed in Ge and SiGeSn layers. High carrier concentrations
in the Ge and SiGeSn layers suppressed the emission from GeSn QW due to the loss
mechanisms.

Figure 4.6. The PL spectra of sample A at 10 K (a) and 300 K (b) using 532 nm CW laser, 1064
nm pulsed laser and 1550 nm CW laser with different power densities. The PL spectra of
sample B at 10 K (c) and 300 K (d) using the same lasers with the same power densities are
also presented.
70

In Figure 4.6a, the PL peak No. (6) and (7) at 2510 nm and 2638 nm were the defectrelated emissions. Such an emission from defects has been observed in low temperature PL study
of GeSn QWs [146]. Figure 4.6b shows the PL emission of sample A at 300 K. Peak No. (1) and
(2) at 1569 nm were related to the direct bandgap transition of Ge buffer layer and cap layer.
Peak No. (3) and (4) at 1795 nm were related to the indirect bandgap transition of Ge buffer
layer and cap layer. Peak No. (5) and (6) at 1930 nm were related to the n1Γ-n1HH transition.
Similar to Figure 4.6a, the PL emission from direct bandgap of Ge was stronger than the PL
emission of GeSn QW once the 1064 nm pulsed laser was used. Similarly, it was related to the
high carrier density in the Ge and SiGeSn layer that dominated the PL emission.
Figure 4.6c represents the PL emission of sample B at 10 K. Similar to Figure 4.6a, the
PL peak No. (1) and (2) were related to the direct and indirect PL emission from Ge buffer and
cap layers. Similar to Figure 4.6a, the PL peaks (3), (4), and (5) were related to the indirect
bandgap emission of SiGeSn layers. The reason for multiple PL peaks was related to the
variation of thickness and also Si and Sn compositions in the barriers. Peaks (6) and (7) were
assigned to the n1L-n1HH indirect transition inside the GeSn QW layer. PL peaks (8) to (11)
were attributed to the defect-related emissions at low temperatures.
Figure 4.6d depicts the room temperature PL emission spectra from sample B. The peak
No. (1) and (2) was related to the direct and indirect bandgap transition of Ge layers. Peak No.
(3) was referred to the indirect bandgap emission of the SiGeSn layers. Thus, using 1064 nm
pulsed laser led to no GeSn emission at 300 K for sample B. Peaks No. (4) and (5) were related
to the n1Γ-n1HH direct transition of GeSn QW. As noticed in the PL measurements of the GeSn
QW structures using different excitation lasers, the PL spectra of samples excited with 532 nm
and 1550 nm lasers were more similar compared to the one for 1064 nm pulsed laser due to the
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difference in the power density and excitation energy. To further understand the effect of the PL
emission from SiGeSn barrier layer, the following study was conducted.

4.4.4 PL study of the SiGeSn films identical to the barriers used in SiGeSn/GeSn/SiGeSn QW
structure
As discussed in the previous section, in the PL measurements of the
SiGeSn/GeSn/SiGeSn samples, several peaks were observed whose transition should be
carefully analyzed. The peak No. (3) in Figure 4.6a and peaks No. (3), (4), and (5) in Figure 4.6c
were strong PL emissions. The source of those emissions was ascribed to the indirect bandgap
emission of SiGeSn barrier layers. To confirm that assumption, it was required to perform PL
measurements on the separate SiGeSn films which had the same thickness and compositions as
the barrier layers in the QW structures. Direct comparison between the PL of QW and SiGeSn
films revealed the sources of questionable peaks observed in the PL spectra of the QW samples.
To achieve that goal, 50 nm Si0.07Ge0.88Sn0.05, and Si0.12Ge0.79Sn0.09 films were grown on
top of Ge buffer layer on the Si (100) substrate using SiH4, GeH4, and SnCl4 precursor gases
inside the commercially available ASM reduced-pressure CVD system. The growth information
and material characterization of Si0.07Ge0.88Sn0.05 and Si0.12Ge0.79Sn0.09 films are described in Ref.
108. Material characterization of Si0.07Ge0.88Sn0.05 and Si0.12Ge0.79Sn0.09 films, labeled as sample
C and D, indicated that the Si and Sn composition and also their thicknesses were fairly close to
the SiGeSn barriers in sample A and B. Thus, they could be considered as a viable basis to study
the optical properties of SiGeSn barriers.
Similar to the PL measurements performed on samples A and B, the PL spectra of
samples C and D were measured at 10 K and 300 K using the standard off-axis PL setup. Three
excitation laser sources were used to study the PL emission from the bandgap of SiGeSn films.
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The results of the PL measurements with different lasers on sample C and D are presented in
Figure 4.7 to 4.9 and directly compared with the results obtained from sample A and B,
respectively.
The PL spectra in Figure 4.7 were achieved using 532 nm CW laser. The black lines
represent the PL spectra of samples A and B and the red lines specify samples C and D. In Figure
4.7a, PL emissions from sample A and C at 10 K using 532 nm laser is provided. Peaks labeled
as (a1) and (a2) are the PL emissions from Ge buffer beneath the SiGeSn. Since the thickness of
SiGeSn layer in sample C was only ~ 50 nm, the dominate emission would be from Ge buffer in
sample C. The peak No. (a3) corresponded to the peak (4) in Figure 4.6a. This peak was related
to n1L-n1HH indirect transition.
In Figure 4.7b at 300 K, peaks (a1) and (a2) were related to the direct transition and (a3)
and (a4) referred to the indirect transition of Ge buffer layer in both samples A and C. Peak (a5)
was the emission of indirect transition in SiGeSn layer in sample C and peak (a6) was related to
the direct transition in sample A. Similar Ge PL peak emissions, labeled as peaks (a1) and (a2)
were observed at 10 K for sample D in Figure 4.7c. Peak (a3) was related to the SiGeSn indirect
bandgap emission at 10 K. Peak (a4) was equivalent to peak (6) in Figure 4.7c, related to the
indirect transition in the GeSn QW of sample B. The defect-related emission is shown as peak
(a5). Figure 4.7d consists of two peaks, labeled as (a1) and (a2), indicating the PL emission from
SiGeSn of sample D (indirect transition) and GeSn QW of sample B (direct transition),
respectively. As indicated in this figure, the PL peak emission of the GeSn QW occurred in
longer wavelengths compared to the PL peak emission of SiGeSn film. It confirmed that the
previous results achieved in section 4.4.3 was valid.
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Figure 4.7. The comparison between the PL spectra of samples A and C at 10 K (a) and 300 K
(b) and the PL spectra of samples B and D at 10 K (c) and 300 K (d) using 532 nm CW laser.

In Figure 4.8, the comparison between the PL measurement spectra of samples A and C
and also B and D at 10 K and 300 K using 1064 nm pulsed laser, is provided. Due to the high
power density of the 1064 nm pulsed laser, the PL emission from the direct and indirect bandgap
of Ge buffer dominated the spectra.
74

Figure 4.8. The comparison between the PL spectra of samples A and C at 10 K (a) and 300 K
(b) and the PL spectra of samples B and D at 10 K (c) and 300 K (d) using 1064 nm pulsed
laser.

The PL emissions from the SiGeSn samples and also the GeSn QWs were suppressed by
the Ge bandgap emission. Peaks (a1) and (a2) in Figures 4.8a to 4.8d, shows the direct bandgap
emission from Ge buffer layers. In Figure 4.8a, peaks (a3) and (a4) were related to the SiGeSn
emission at 10 K for samples A and C. The Ge indirect bandgap emissions at room temperature
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for sample A and C are presented as peaks (a3) and (a4) in Figure 4.8b. Peak (a5) in the same
figure was related to the n1Γ-n1HH in the GeSn QW of sample A.
In Figures 4.8c and 4.8d, the direct bandgap emission of Ge buffer in sample B and D are
labeled as (a1) and (a2) and the direct emission from Ge is labeled as (a3). Peaks (a4) and (a5) in
Figure 4.8c and (a4) and (a5) in Figure 4.8d were assigned to the SiGeSn indirect bandgap
emissions.
Finally, Figure 4.9 was the PL measurement results using 1550 nm CW laser 10 K and
300 K on the samples A and C and also B and D, respectively. The long tail at the left side of the
plots was related to the 1550 nm laser line (similar to Figure 4.6). In Figure 4.9a, the peaks (a1)
and (a2) were related to the indirect transition in Ge layer. The direct transition peak was
overlapped by the strong 1550 nm laser line and cannot be seen. Peak (a3) was the SiGeSn
transition, and the main peak (a4) was related to the n1L-n1HH of the GeSn QW in sample A.
The defect-related emissions are shown in peaks (a5) and (a6). In Figure 4.9b, the (a1) peak was
related to the indirect bandgap emission from Ge and (a2) was assigned to indirect bandgap
emission of SiGeSn in sample C. The direct transition in GeSn QW in sample A was labeled as
(a3). Similar to Figure 4.9a, the Ge indirect transition was labeled as (a1). The GeSn QW PL
emission at 2100 nm was related to indirect n1L-n1HH transition specified as (a2). The (a3) and
(a4) were related to the defects in the samples. In Figure 4.9d, the (a1) peak shows PL emission
of SiGeSn sample and (a2) referred to the direct transition n1Γ-n1HH of the GeSn QW in sample
B. Since the Sn composition of the GeSn QW in sample B was higher than that of sample A, the
n1Γ-n1HH transition was stronger in sample B. To further understand the mechanism of carrier
generation and recombination in the bandgap of GeSn QW structure, in-depth analysis on the
radiative and nonradiative recombination is required.

76

Figure 4.9. The comparison between the PL spectra of samples A and C at 10 K (a) and 300 K
(b) and the PL spectra of samples B and D at 10 K (c) and 300 K (d) using 1550 nm CW laser.

In summary, SiGeSn/GeSn/SiGeSn QW structures were grown using an industry
standard chemical vapor deposition technique. The commercially available low-cost SiH4, GeH4,
and SnCl4 were used as precursors. Temperature-dependent PL spectra show that the direct
transition peak dominated the PL at temperatures above 200 K while below 100 K the indirect
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transition peak dominated. The emission at room temperature was in the technologically
important 2 µm wavelength band. The electronic band structure calculation indicated that both
samples featured Type-I band alignment. The PL emission was assigned to the transition
between the ground-state at the Γ point in CB and the ground-state in the HH band in VB. Due to
quantization, the ground-state at the Γ point of GeSn well sat above the L valley of the SiGeSn
barriers. In order to improve the electron confinement, a GeSn well with higher Sn composition
(> 12%) was proposed, which not only gave a direct bandgap material but also provided a
ground-state at the Γ point that could be lower than the L valley minimum. Consequently, the
direct bandgap emission was dramatically enhanced.
Moreover, the effects of high power density and different excitation wavelengths on the
SiGeSn/GeSn QW structures were studied. The excitation source with high power density and
penetration depth and large excitation energy was able to penetrate more in the sample. As a
result, carrier density increased dramatically, however, recombination of carriers in the thick Ge
buffer layer dominated the overall PL emission and the QW bandgap emission was almost
disappeared. Optimization of the GeSn QW structure is in progress and the direct bandgap GeSn
QW design, capable of emitting high-intensity emission from the GeSn well region, will be
discussed in Chapter 7 as a part of the future work.
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Chapter 5. Electroluminescence (EL) study of n-i-p GeSn double heterostructures
5.1 Motivation
Photonic devices operating in the short-wave- and mid-infrared (IR) range (1.5~20 µm)
are very useful for diverse fields including chemical and biomedical sensing, gas sensing,
military activities and industrial process applications [147], [148]. For instance, characteristic
absorption fingerprints of most molecules are identified in the 2.0~10 µm wavelength range,
such as water vapor, nitrogen-containing molecules, and hydrocarbon molecules, etc. [149].
Among the many optoelectronics devices, mid-IR light emitting diodes (LEDs) with high power
are prospective sources for developing the sensing system. Although III-V based LEDs such as
InGaAs, GaSb, InAs, etc. feature mid-IR operation and relatively high efficiency [150], [151],
their high cost and incompatibility with current complementary metal–oxide–semiconductor
(CMOS) processes exclude them from being widely used in Si photonics, particularly for on-chip
integration applications, which play an important role in the emerging field of on-chip biological
and chemical sensing [152]. On the other hand, the integratable group-IV based semiconductors
Si, Ge, and their alloys suffer from low efficiency due to their indirect bandgap nature, therefore
they are not an ideal candidate for light sources.
Recently, studies on group-IV semiconductor GeSn alloys has opened a new window for
the development of Si-based optoelectronics active devices [153] . Since a direct bandgap GeSn
has been experimentally identified and an optically pumped GeSn-based laser has been
demonstrated, the GeSn based light emitter as the low-cost Si-based light source is expected to
be efficient, together with all necessary components for mid-IR sensing available on a Si
platform. Additionally, by varying the Sn composition in the GeSn alloy, the operating
wavelength of GeSn based LED could cover a broad short-wave and mid-IR range, making it
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more universal in sensing applications. Investigation of electroluminescence (EL) from GeSn
active layers has been conducted by several research groups based on the GeSn doubleheterostructure (DHS). A few reports presented GeSn multi-quantum well LEDs with Ge barriers
and high EL intensity at low temperatures; however, based on their analysis, the carriers were
confined at the Ge barrier due to the lack of Type-I band alignment. The GeSn DHS investigated
in this study featured higher density of states in comparison with the GeSn multi-quantum well.
Thus, the population of electron-hole in the active region of DHS increased leading to higher
intensity EL emissions of the GeSn DHS LED. In this study, a Ge/Ge0.92Sn0.08/Ge n-i-p DHS
surface-emitting and edge-emitting LEDs were demonstrated. Material characterization was done
on the Ge/Ge0.92Sn0.08/Ge n-i-p DHS to investigate the quality of the Ge and GeSn crystalline
layers. Optical quality and bandgap energy of the sample was explored using temperaturedependent PL measurements from 77 K to 300 K and supported by theoretical analysis. Once the
Ge/Ge0.92Sn0.08/Ge n-i-p DHS was fabricated into a surface emitting and edge emitting LEDs, the
current-voltage characteristic of the devices was studied in different temperature. Finally, the
temperature-dependent electroluminescence (EL) spectra of the Ge/Ge0.92Sn0.08/Ge n-i-p DHS
LED device were obtained and analyzed.

5.2 Material Growth and characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS
The GeSn DHS samples were grown using an ASM Epsilon® 2000-Plus reduced pressure
chemical vapor deposition (RPCVD) system. The complete layer sequence included: 1) a 700 nm
thick p-type doped Ge buffer layer; 2) a 200 nm thick unintentionally doped Ge0.92Sn0.08 active
layer; and, 3) a 50-nm thick n-type doped Ge cap layer. The doping concentrations of p- and ntype were measured as 5 × 1018 and 1 × 1019 cm-3, respectively [153] . The growth temperature
was kept below 400 oC to ensure that it is compatible with the Si CMOS process. The detailed
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growth method was reported in a prior study of this research group [75]. The thickness of each
layer, material quality, and strain information of the GeSn layer were analyzed by TEM and
high-resolution XRD techniques. The TEM results in Figure 5.1a indicated that most of the
dislocation densities were trapped at the interface of the Ge/Si and GeSn/Ge interfaces. The
GeSn layer itself and the Ge cap had low defect density (~107 cm-2). The thickness of the layers
measured with TEM agreed well with the initial structure design. The RSM plot of the
Ge/Ge0.92Sn0.08/Ge n-i-p DHS and the XRD 2θ-ω scan are shown in Figure 5.1b. The RSM
showed that the p-type Ge buffer was partially relaxed. The i-GeSn active layer was
compressively strained and the n-type Ge cap layer was a tensile-strained layer due to the lattice
mismatch with the GeSn layer.

Figure 5.1 (a) TEM image of the Ge/Ge0.92Sn0.08/Ge nip DHS sample shows thicknesses and the
quality of epilayers. (b) The RSM plot from (2̅2̅4) plane of each layer. The GeSn layer was
partially relaxed. The 2θ-ω XRD scan is presented in the inset.
Information of the sample after the material characterization is provided in the Table. 5.1.
As indicated in Table 5.1, the GeSn active layer had 6.44% Sn composition which was different
from the target value (8%) due to unoptimized growth condition. The p-type Ge buffer layer was
relaxed and the n-type Ge cap layer had 0.58% compressive strain in the lattice structure. The
density of threading dislocation of the GeSn active layer was ~ 107 cm-2.
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Table 5.1. Summary of material characterization of GeSn n-i-p structure.
Measured Sn (%)
by XRD

6.44%

p-type Ge strain
(in-plane)

Relaxed

GeSn layer
strain (in-plane)

-0.43%

n-type Ge strain
(in-plane)

0.58%

Density of
threading
dislocations
(cm-2)
3.91×107

5.3 Optical characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS
To investigate the optical quality and the bandgap energy of the GeSn DHS, temperaturedependent PL measurements were conducted. The sample was mounted inside a liquid nitrogen
cooled cryostat, and the temperature was changed from 77 K to 300 K. The standard off-axis
configuration PL setup was utilized along with a lock-in system and optical chopper with 377 Hz
frequency. A 532 nm CW laser was utilized to excite the GeSn n-i-p DHS. The PL emission of
the samples was collected using a CaF2 lens and delivered to the spectrometer with an optimized
grating (blazes at 2 µm) and a thermo-electric cooled PbS detector with a cut-off at 3 µm.
Detailed explanation of the off-axis PL setup was given in Chapter 2. Figure 5.2a shows the PL
spectra of the Ge/Ge0.92Sn0.08/Ge n-i-p DHS from 77 K to 300 K. The red-shift noticed for the PL
spectra when temperature increased were related to the dependency of the bandgap to the
temperature based on Varshni’s relation:

E (T )  E (0)  T 2 /(T   )

(Equation 5.1)

where E (0) is the bandgap energy at 0 K, and α and β are the thermal coefficient parameters
which are related to the material thermal expansion. It was also noticed that the PL intensity
decreased when temperature reduced. This fact was related to the indirect nature of Ge0.92Sn0.08
bandgap owing a significant amount of compressive strain. The 0.43% compressive strain in the
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Ge0.92Sn0.08 DHS sample maintained the L valley of the conduction band slightly lower than the
gamma valley. That small energy difference at room temperature led to the occupation of Γ
valley with thermally generated carriers and eventually the transition from Γ valley to the
valence band dominates the PL emission at room temperature. Thus, the intensity of PL spectrum
was higher at 300 K. Once temperature decreased; carriers did not have sufficient energy to
occupy the Γ valley, and they were limited to stay in L valley. The recombination of carriers
from L valley to the valence band required phonon or other centers to perform indirect bandgap
transition. However, those centers were almost inactive at lower temperatures. Therefore,
radiative recombination rate reduced and resulted in the reduction of PL intensity. Due to the
small energy difference between the Γ and L valley, it was impossible to observe two separate
peaks for the direct and indirect transitions. Broadened PL spectra line-width was attributed to
the overlapping of the direct and indirect transitions.

Figure 5.2. (a) Temperature-dependent PL spectra of Ge/Ge0.92Sn0.08/Ge n-i-p DHS sample.
(b) Power-dependent PL measurements at 300 K. [132].
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To further investigate the optical properties of the Ge/Ge0.92Sn0.08/Ge n-i-p DHS, a
power-dependent PL measurement was performed on the sample at 300 K (Figure 5.2b). The
intensity of the PL spectrum increased by increasing the power of the laser from 60 mW to 440
mW. Direct bandgap transition dominated the PL spectra once power was increased. Increasing
the power density builds up the carrier population in the Γ valley and, eventually higher PL
intensity was achieved. This fact is related to the band filling of the energy levels at L valley and
consequently, an increase in the number of carriers in the Γ valley. The band filling effect and
thermally excited carriers increased the Γ valley carrier population and led to the dominant direct
bandgap transition. The blue shift noticed in the PL spectra by increasing the pumping power
was the result of Γ valley to valence band transition.
To better understand the bandgap characteristics of the Ge/Ge0.92Sn0.08/Ge n-i-p DHS, the
band structure of the sample was theoretically calculated. The deformation potential model and
the quadratic Vegard’s law with bowing parameter was applied to calculate the bandgap energies
of each layer and also the barrier heights between the Ge-buffer/GeSn and GeSn/Ge cap layers.
The energy band offset was identified based on a technique discussed in Chapter 4. The band
alignment of the Ge0.92Sn0.08 DHS is presented in Figure 5.3. EgΓ and EgL are the direct and
indirect bandgap energies of the conduction band in each layer, respectively. The difference
between the EgΓ and EgL is noted as ΔEg (≈20 meV). The barrier height at the Γ and L valleys of
the conduction band are represented as ΔEcΓ and ΔEcL. To calculate these four fundamental
energy levels (i.e. Γ, L, HH, and LH) the strain information and Sn composition of GeSn layer
were utilized. The change in the Γ and L valley energy level was directly related to the Sn
incorporation in the GeSn layer. Also, the separation of the HH and LH energy levels was
attributed to the strain in the films.
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Figure 5.3. Band alignment of the GeSn together with the p-Ge buffer and n-Ge cap.

As shown in Figure 5.3, the difference between the HH and LH in the Ge buffer layer
was negligible since the Ge buffer was partially relaxed. However, the GeSn layer had a 0.43%
compressive strain in the lattice resulting in the HH-LH splitting. The HH effective mass was
lower than the LH effective mass due to the compressive strain in the GeSn lattice structure; so
the HH energy level was closer to the conduction band and, therefore, the dominant transition
was Γ to HH for higher temperatures and L to HH for lower temperature bandgap emissions. The
Γ valley barrier height between the Ge buffer and GeSn layer was ΔEcΓ ≃120 meV and the L
valley barrier height between the Ge buffer, and GeSn layer was ΔEcL ≃18 meV. It should be
noted that the Ge cap layer had 0.58% tensile strain; therefore, the LH energy level stayed higher
than that of HH in Ge cap layer. The tensile strain in the Ge cap layer reduced the barrier height
between the GeSn and Ge cap layers. The Γ valley and L valley barrier heights between the
GeSn and Ge cap layer was reduced to ΔEcΓ ≃68 meV and ΔEcL ≃16 meV, respectively.
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Overall, Type-I band alignment was achieved increasing the carrier confinement within
the GeSn active layer. The GeSn in the Ge/Ge0.92Sn0.08/Ge n-i-p DHS was an indirect bandgap
material; however, the dominant transition at room temperature was the Γ valley to HH
transition. Achieving the Type-I band alignment was one of the advantages in the designed
structure. Fundamental transitions happened within the GeSn active layer. The energy difference
between the Γ valley and the HH was equal to EΓ-HH=0.61 eV (2040 nm) which matched well
with the PL peak position at 300 K. The transition from L valley to the HH was equivalent to ELHH=0.57

eV (2180 nm) and it was not clearly obvious in the PL spectrum since the direct

bandgap transition (Γ to HH) dominated. Although the current barrier height provided enough
confinement for the carriers to maintain inside the GeSn layer, better design on the GeSn DHS
would improve the confinement and also provide direct bandgap GeSn DHS which is suitable for
high efficient LED applications.

5.4 The Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diodes
5.4.1 Fabrication of Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diodes
The Ge/Ge0.92Sn0.08/Ge n-i-p DHS was fabricated into a circular mesa LED with 100 µm
diameter. Standard photolithography technique, dry etching including reactive ion etching (RIE),
and chemical etching were applied to etch the mesa. The gases used in the RIE was 30 sccm
tetrafluoromethane (CF4) and 30 sccm Ar. The RIE etching rate was 30 nm/min and depended on
Sn composition of the sample. It was noticed that higher Sn composition lowered the etching
rate. In contrary, the wet chemical etching exhibited a constant etching rate of 100 nm/min and
was Sn composition independent. The chemical etching ratio of the HCl, H2O2, and H2O was
1:1:20, respectively, at room temperature. The plasma enhanced CVD (PECVD) was used to
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deposit a 100 nm layer of SiO2 on the device. Once the oxide deposition was done, the windows
for metal contacts were prepared by a negative photolithography. Before the metal deposition,
the oxide of the windows was removed using wet chemical etching and buffered oxide etch
(BOE) with the ratio of BOE: H2O = 5:1. Metal deposition for the p- and n-contacts included 10
nm Cr and 200 nm Au. After the metal deposition and lift-off, the metal contacts were
completed. A schematic diagram of the fabricated GeSn DHS surface emitting LED and its
optical image top view are shown in Figure 5.4. Large metal contact is favorable for the
temperature-dependent measurements in a coplanar scheme

Figure 5.4. (a) Schematic cross-sectional view of the GeSn LED device. (b) The optical image
of the device with 100 µm diameter [154].

5.4.2 Electrical characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diodes
In order to characterize the electric performance of the fabricated LED, the currentvoltage (I-V) characteristic was measured at various temperatures from 80 K to 300 K. The
direct current Keithley 236 [113] was employed for I-V measurements. The fabricated GeSn
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LED sample was first examined at room temperature to make sure that it had reasonable I-V and
EL characteristics. Using the probe station on the EL setup, the I-V and EL results were obtained
and confirmed the decent device performance at room temperature. Subsequently, the device
was mounted inside the liquid helium cooled cryostat with feedthrough accessories. Since the
electric current was required to flow to the device through the metal contacts, gold-coated
needles with very tiny tip were precisely placed on the p- and n-contacts of the LED (coplanar
scheme). Once the circuit was completed, the I-V characteristic was plotted on the Lab View
based software prepared to record the current versus voltage. The rectifying behavior of the
diode was observed at all temperatures tested from 80 K to 350 K as shown in Figure 5.5. The
decreased slope of I-V characteristics when temperature declined was related to the less
thermally activated carriers in the device. This fact led to the increase of the device dynamic
resistance once temperature decreased. The dynamic resistance increased from 67 Ω to 218 Ω
when temperature reduced from 350 K to 80 K.

Figure 5.5. The I-V characteristic of the GeSn DHS surface emitting diode.
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It was important to explore the reason of dark current noticed in the measurement. The
dark current was basically related to two parameters: 1) the bulk leakage current that had an
exact relation with the area of the device; and, 2) the surface leakage current which was
proportional to the periphery of the device. The following explanation reveals the reasons of the
generated dark current in the device. (1) The lack of sufficient passivation on the surface and
sidewalls of the device increased the peripheral surface leakage current. Decent passivation of
the GeSn DHS device reduced the dark current. Recently, a report showed that the performance
of the Ge0.95Sn0.05 photodiode device was improved due to the device passivation [155]. (2) Once
Sn composition increased in the GeSn, the electronic bandgap shrunk, therefore, more thermally
activated carriers contributed to the dark current. (3) More defect densities at the interfaces of the
layers, due to the lattice mismatch between G and GeSn, produced a leakage current which
eventually enhanced the dark current of the device. Optimized design to reduce the number of
defects in the structure led to the reduction of dark current and improved the performance of the
device.

5.4.3 Optical characterization of Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diodes
To investigate the emission of the Ge/Ge0.92Sn0.08/Ge n-i-p DHS surface emitting diode
versus various temperatures, the temperature-dependent electroluminescence (EL) measurement
was performed in a fixed current injection density of 6.4 kA/cm2 (corresponding to 0.5 A of
current) to make sure that the device could repeatedly perform without any fluctuation and
burning issue. The EL measurements were done at several temperatures from 80 K to 300 K. To
obtain the EL spectra, the home-built EL setup explained in Chapter 2 was utilized. The sample
was mounted inside the feedthrough-equipped cryostat cooled with liquid nitrogen. The gold-
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coated needle tips were placed on the p- and n-contact, and it was ensured that the tip would not
move on the metal contact once temperature changed. To reach that purpose, a precise
configuration of needle holder including springs and ball bearing provided by Janis company
[114] was used. A pulsed current source with a pulse width of 250 µs and the duty cycle of 10%
was exploited to achieve the EL emission from the GeSn LED. The 10% duty cycle reduced the
effect of Joule heating and prevented device burning. The emitted EL spectrum from the LED
was collected using a CaF2 lens and eventually delivered to the microHR spectrometer equipped
with a PbS detector with a cut off at 3 µm. The lock-in amplifier and a chopper system with a
frequency of 377 Hz (this frequency was selected as a trade-off of detector response frequency
and the measurement time) were employed to increase the signal to noise ration of the EL
spectra. Once an EL measurement was finished at a desired temperature, the temperature was
switched to the new value and then waited for 30 mins to make sure that the device temperature
was stabilized. The temperature-dependent EL spectra of the Ge/Ge0.92Sn0.08/Ge n-i-p DHS
surface emitting diode is presented in Figure 5.6.

Figure 5.6. The temperature-dependent EL spectra of the GeSn DHS LED under the injected
current density of 6.4 kA/cm2.
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The EL peak position was changed from 0.616 eV to 0.606 eV once temperature was
increased from 150 K to 300 K. Below 150 K, almost no EL signal was detected. The reduction
of EL intensity is clearly indicated in the plot. This phenomenon had the same reason as the PL
intensity reduction discussed in the previous section. At higher temperature, thermally generated
carriers occuppied the Γ valley and the direct band-to-band transition dominated the EL
emission. Once temperature decreased, the low-intensity indirect bandgap transition dominated
and most of the carriers participated in non-radiative (such as Shockley-Read-Hall)
recombination.
Moreover, no emission from the Ge layer was detected, indicating the superior carrier
confinement in the Ge0.92Sn0.08 layer due to the DHS. The lock-in amplifier and a chopper at a
frequency of 377 Hz averaged the signal over a complete pulse on-and-off cycle (0.2 ms). The
selected low duty cycle (10%), and the fact that only the first harmonic was extracted by a lockin amplifier, resulted in a relatively low signal-to-noise ratio. This could be realized in the nonsmooth EL spectra of different temperatures.

5.5 The Ge/Ge0.92Sn0.08/Ge n-i-p DHS edge emitting diodes
The realization of edge emitting GeSn LED can be considered as an initial step for the
construction of edge emitting electrically-pumped GeSn lasers. The goal of this study was to
analyze the EL emission of the edge emitting Ge0.92Sn0.08 DHS LED, to realize the experimental
challenges of the edge emitting devices, and to develop the characterization tools for the future
GeSn-based edge emitting LEDs and lasers. The edge emitting Ge0.92Sn0.08 DHS LED was
designed as a waveguide with side walls etched down to the p-Ge buffer. This configuration
allowed the Ge0.92Sn0.08 active layer with refractive index of n ≈ 4.2 to be confined within the
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materials with lower refractive index (Ge layers (n=4) and air (n=1)). That architecture
simultaneously provided electrical and optical confinements for the Ge0.92Sn0.08 active layer. The
carriers and the generated light were intended to be confined within the Ge0.92Sn0.08 active layer.
Also, the smooth facets of the Ge0.92Sn0.08 DHS waveguide acted as mirrors to reflect back the
beam and theoretically led to a higher gain in the Ge0.92Sn0.08 medium. All mentioned parameters
contribute to the higher emission efficiency of the edge emitting device. The fabrication process
of Ge/Ge0.92Sn0.08/Ge n-i-p DHS edge emitting diode was similar to the fabrication of surface
emitting devices, except the different mask that was applied to provide the rectangular stripes
with specified widths. Standard photolithography, dry and wet chemical etching were used to
fabricate rectangular shape stripes of edge emitting Ge0.92Sn0.08 DHS LED with three different
cavity widths including 40 µm, 80 µm, and 120 µm. Reactive ion etching (RIE) was used to etch
the structure down to the p-Ge buffer and provide steep sidewalls for the waveguide. The
sidewalls were passivated by SiO2 to reduce the surface recombination. The schematic diagram
of the edge emitting Ge0.92Sn0.08 DHS LED is shown in Figure 5.7.

Figure 5.7. (a) The schematic diagram of the GeSn DHS edge emitting LED with 80 µm stripe
width. (b) Top view of the microscopic image of the fabricated edge emitting devices with three
different stripe widths. The p-contacts had the same widths of 120 µm.
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After fabrication, the device was analyzed under the microscope the make sure that there
was no undesired feature on the top of the device. In order to have a smooth facet for the edge
emitting device, a manual cleaving technique with a diamond scribe was employed. Naturally,
the Si crystal orientation could be used to smoothly break the device and provide mirror-like
facets. For that purpose, the sample thickness was reduced so that the cleaving process could be
done without any unfavorable cracks. The Si substrate had a thickness of ~800 µm and could not
break easily. A lapping technique was exploited to reduce the thickness of Si substrate so that the
fabricated device could be simply cleaved. In the lapping process, the sample was mounted on a
glass piece using wax. Then, 15 µm aluminum powder was used as an abrasive between the
sample and the iron plate. By controlling the speed of the iron plate, the Si substrate was
smoothly rubbed and its thickness was reduced to almost 80 µm which was sufficient to perform
an uncluttered cleave and provide smooth waveguide facets. Consequently, the sample was
cleaved to pieces with 400 µm and 1 mm strip length containing several devices with different
stripe widths of 40 µm, 80 µm, and 120 µm.
After fabrication of the device, the initial electric characterization was performed using IV measurements on the probe station of the EL setup. The sharp tips of the needles were placed
on top of the p- and n-contacts. After several measurements, it was noticed that the needle tip
scratched the metal contacts and damaged the device as shown in Figure 5.8. As shown in the
figure, the metal contacts were damaged either due to the scratches from the tip of the needles or
the Joule heating generated due to the high carrier injection., Two areas related to the needle
scratches and two burnt spots due to the heat effect are indicated in Figure 5.8. Those scratches
and heated areas gradually degraded the device performance. To avoid any scratch and damage
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of the edge emitting devices, different configurations compared to the surface emitting devices
were applied.

Figure 5.8. Scratches due to the needles tip and burnt spots that appeared once injected current
went beyond 0.5 A.

As shown in Figure 5.9, a proper approach taking advantage of wire-bonding capability
was designed to introduce the current to the device and perform the electrical and optical
characterizations. A 5 mm x 5 mm Si chip with four gold pads was prepared in the clean room
using a metal deposition technique. The purpose of preparing the Si chip with gold pads was to
bond the edge emitting device to a stable chip. That design enabled handling the device for
further characterization, especially inside the cryostat for temperature-dependent I-V and EL
measurements. After attaching the device to the Si chip with silver paste (which provided better
thermal conductance and device stability compared to thermal grease), the whole chip was
transferred to the assembly lab to perform the wire-bonding process. The wire-bonding
mechanism was conducted using a wire-bonding machine with a ball-bonder system. The
optimized ball size was around 80 µm. The wire-bonding with smaller ball sizes was not
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successful. Better parameters (temperature, distance, and speed) should be selected to achieve
ball sizes less than 75 µm.

Figure 5.9. (a) Schematic demonstration of provided chip and wire-bonded edge emitting device.
(b) The 75 µm size gold balls on top of the p- and n-contacts of the edge emitting device.

After the wire-bonding process, the electrical characterization was initiated. First, the
room temperature I-V was collected using the probe station on the EL setup. A quick room
temperature EL measurement was also acquired while injecting 0.5 A current and the emission
from the edge was collected using the infrared fluorine-based optical fiber. The EL spectrum was
delivered to the spectrometer and detector, accordingly. The results of the room temperature I-V
characteristic and EL measurements on the devices with 400 µm length and 80 µm and 120 µm
are shown in Figure 5.10. As obvious from the figure, both devices showed rectifying behavior at
room temperature; however, the area of the device with 120 µm waveguide width was 2.5 times
higher than the 80 µm width device. Therefore, the current density in the 80 µm device was
higher compared to 120 µm width device and eventually resulted in higher EL spectrum
intensity. For the detailed temperature-dependent characterization, the 80 µm device was
selected. In order to perform the temperature-dependent I-V and EL measurements, the device-
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containing chip was carefully mounted inside the feedthrough-equipped cryostat, and the needle
tips were placed on the large area gold pads.

Figure 5.10. (a) The room temperature I-V characteristic of the GeSn edge emitting LEDs with
80 µm and 120 µm stripe width after the wire-bonding process. (b) The EL spectra of both
samples from 1400 nm to 2400 nm wavelength.

The only difference between the measurement setup of the edge emitting LED compared
to the surface emitting LED was the sample holder of the cryostat. The EL emission of the edge
emitting LED emerged from the facets of the device; therefore, a special cryostat sample holder
was designed to easily attach the prepared chip to the sample holder and ensure that the EL
emission could be collected and eventually delivered to the spectrometer and detector without
any blockade.
Figure 5.11 shows the designed cryostat sample holder and the schematic setup to show
how the EL beam was perfectly aligned and transferred to the spectrometer. Careful alignment
process was applied to guide the emission from the facet to the spectrometer. As shown in the
inset, a part of the sample holder was cut to the half to provide enough path for the EL emission
of both surface emitting and edge emitting LEDs. To ensure an appropriate thermal conductivity
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between the sample holder and the LED device, a silver paste was applied as an adhesive
between the sample holder and the bonded device.

Figure 5.11. The schematic EL setup (described in Chapter 2) and the specifically designed
sample holder for the EL measurement of the edge emitting LED.

The I-V characteristics and EL spectra were achieved at different temperatures from 77 K
to 300 K. The same EL setup was used to accomplish the measurements. The results of the
temperature-dependent I-V characteristics and EL measurements are presented in Figure 5.12.
The Ge/Ge0.92Sn0.08/Ge n-i-p DHS edge emitting diode with the stripe length of 400 µm and a
stripe width of 80 µm was selected for the investigation. Figure 5.12a shows the temperaturedependent I-V measurements on the device exhibiting the rectifying behavior at all temperatures
tested from 80 K to 300 K. Reduction of the slope of the I-V curves at the forward bias of the
measurement once temperature decreased were related to the less thermally activated carriers at
low temperatures which consequently increased the device dynamic resistance.
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To ensure that injected current was high enough to provide sufficient carrier for radiative
recombination and also avoid the device burning due to the Joule heating, a series of room
temperature EL measurements in different current densities were conducted. A pulsed current
source with a duty cycle of 10% and pulse width of 250 µs was used for the current dependent
EL measurements at room temperature. As shown in Figure 5.12b, the current density changed
from 0.3 kA/cm2 to 1.5 kA/cm2. Beyond 1.5 kA/cm2, the devices started becoming burnt due to
the heat. The 1.5 kA/cm2 was selected as the fixed injected current density to perform
temperature-dependent EL measurements from 77 K to 300 K.

(a)

(b)

(c)

Figure 5.12. (a) The temperature-dependent I-V measurement of the 80 mm width edge
emitting GeSn DHS LED. (b) The current density-dependent EL of the sample at room
temperature indicating the increase in the EL spectrum once current density elevated. (c) The
temperature-dependent EL measurements of the sample under 1.5 kA/cm2 current density.

As presented in Figure 5.12, the EL emission experienced a red shift with increasing
temperature and also the intensity of the EL spectra increased. Increase in the EL intensity at
higher temperature was related to the rise of the thermally activated carriers populating the Γ
valley and participating in the radiative recombination. Similar to the prior study, this
observation was attributed to the GeSn indirect bandgap materials in which Γ valley is slightly
higher than the L valley in the conduction band. In order to improve the emission efficiency of
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the GeSn DHS LED, an optimized structure was required to provide a direct bandgap GeSn
active layer with sufficient carrier confinement. Increasing Sn incorporation, thickness of the
GeSn layer, and a carefully designed buffer layer (GeSn or SiGeSn instead of Ge), could result in
the direct bandgap GeSn with less defects and, consequently, highly efficient emission. In
Chapter 7, optimized direct bandgap GeSn-based optoelectronic devices will be further dicussed.
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Chapter 6. Lasing from optically pumped direct bandgap GeSn ridge waveguides

6.1 Motivation
A Si-based laser has long been desired for the monolithic integration of optoelectronic
devices on a complementary metal-oxide-semiconductor (CMOS) platform [6], [37]. Numerous
studies have been done to achieve a Si-based laser; the missing component of the all Si-based
optical integrated circuit. In 2005, researchers proposed an all-Si Raman laser based on
stimulated Raman scattering rather than band-to-band transition [156]. Initial results on
optically-pumped and electrically-pumped Ge lasers in 2012 opened an opportunity to further
develop the group IV based laser sources [40]. Inherently, Ge is an indirect bandgap
semiconductor. Heavily n-type doping or high tensile strain were essential requirements to
achieve a lasing from the direct transition in Ge [157]. Technical difficulties in the fabrication of
Ge laser devices under the above conditions hindered further explorations of the realization of
Ge lasers. On the other hand, the current III-V materials used in laser diodes necessitate use of a
wafer bonding process or direct growth on Si substrate leading to either an expensive fabrication
process or low device quality [158], [159].
Recently, the demonstration of direct bandgap GeSn, a group IV-based semiconductor,
has opened a unique occasion to accomplish monolithically fabricated group IV lasers on Si
substrate. In 2015, the PGI-9 group in Germany and their collaborators published the first results
of low temperature optically-pumped GeSn waveguide laser [92]. The same group in 2016,
reported optically-pumped GeSn microdisk laser operating up to 150 K [160]. The threshold
power density in the reported lasers varied between 220 to 325 kW/cm2. Those achievements
were a breakthrough in the realization of an all group IV based photonic circuit; however, a
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practical laser device for group IV-based photonic circuit needs to have lower threshold density
and is required to operate at room temperature.
Considering the published results on the GeSn laser, an advanced design of optically
pumped GeSn waveguide lasers is introduced based on the Ge/GeSn/Ge double heterostructure
(DHS) grown on Si substrate. Later in our investigation, it is indicated that the threshold density
of the GeSn laser of this research was reduced to 140 kW/cm2 which is almost two times lower
than that of reported from the PGI-9 group.

6.2 Growth and characterization of direct bandgap GeSn sample
The device presented in this study was based on a direct bandgap thick GeSn film with
9% Sn composition grown as a Ge/GeSn/Ge DHS on Si (100) substrate. The sample was grown
using an ASM Epsilon® 2000-Plus reduced pressure chemical vapor deposition (RPCVD)
system. The low cost commercially available GeH4 and SnCl4 were used as Ge and Sn
precursors, respectively. A 700 nm thick Ge buffer layer was grown on Si to relieve the lattice
mismatch between Si and GeSn active layer. Subsequently, a specific recipe was applied to grow
1 µm thick GeSn layer with 9% Sn composition. Finally, a 10 nm-thick Ge cap layer was grown
on top of GeSn to form the DHS. A detailed growth process was discussed in Chapter 2.
The thickness of the layers, Sn composition, and strain information of the grown sample
were characterized using transmission electron microscopy (TEM) and high-resolution X-ray
diffraction (XRD) system. In Figure 6.1a the TEM image of the Ge/GeSn/Ge DHS is presented.
Two identified GeSn layers, the 210 nm defective layer and the 760 nm high-quality layer on top
were clearly observed in the TEM image. The first thin defective GeSn trap layer with threading
dislocation densities (TDD) of 109 cm-2 originates from the lattice mismatch between Ge and
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GeSn. Since the threading dislocation loops occurred in the defective layer, less defect
penetrated to the top GeSn layer. Therefore, a thick, high crystalline quality GeSn film with
lower TDD (3×106 cm-2) was formed which was favorable for device applications. The Sn
composition of the first GeSn layer was 8.9% and for the second GeSn layer was 10.9%. The rate
of incorporation of Sn to Ge increased when the film was more relaxed. Thus, the top GeSn layer
had higher Sn composition than the bottom layer. The 10 nm GeSn cap layer was not clearly
observable in the TEM image; however, the evidence of the Ge cap layer was noticed in the
reciprocal space map (RSM) in Figure 6.1b. The RSM plot of the Ge and GeSn layers are
presented. Due to the presence of two GeSn layers, the RSM plot became broadened. The first
GeSn layer was almost relaxed and the second GeSn layer was ~ 82% relaxed. The tensile
strained Ge cap layer was also detected.

Figure 6.1. (a) Cross-sectional TEM image of the 1 µm thick GeSn used in the GeSn
waveguide fabrication for optical pumping measurements. (b) RSM of the strain-relaxed GeSn
sample with different relaxations and Sn compositions is plotted.

Study of the temperature-dependent photoluminescence (PL) emission of the thick direct
bandgap GeSn sample provided beneficial information about the bandgap and optical quality of
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the sample. Demonstration of the direct bandgap thin GeSn films and a further increase in the
optical quality of the direct bandgap thick GeSn films were thoroughly discussed in Chapter 3.
The temperature-dependent PL of the direct bandgap thick GeSn film with 10.9% Sn
composition is shown in Figure 6.2. The measurements were conducted using the standard offaxis PL setup with a 532 nm CW laser explained in Chapter 2. As depicted in the figure, the
intensity of the PL emission from direct bandgap thick GeSn film increased in lower
temperatures due to the efficient direct transition in the bandgap of GeSn sample. Based on the
calculation, the linewidth of the PL spectrum at 10 K was 28 meV and at 300 K was 120 mV. A
significant increase in the intensity and decrease in the line-width of the PL spectra with
temperature reduction was evidence of the direct band gap material with high optical quality.
The red-shift of the PL peak position with increasing the temperature followed the Varshni’s
temperature-dependent bandgap relation.

Figure 6.2. Temperature-dependent PL of the direct bandgap thick GeSn film (Sn=10.9%). The
inset shows increasing of the integrated PL intensity with decreasing the temperature due to the
dominant direct transition and deactivation of the defects.
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After examining the bandgap emission of the thick GeSn film, it was fabricated to a ridge
waveguide for optical pumping experiments.

6.3 Fabrication of GeSn ridge waveguide
The GeSn with 10.9% Sn composition and 760 nm thickness was used to fabricate ridge
waveguides for optical pumping characterization. First, the sample was cleaned with acetone and
isopropyl alcohol before spin coating with photoresist AZ4110. A thickness of 1.8 µm was
obtained after soft baking at 100 oC for 2 minutes. A set of ridge waveguides with widths of 1 to
5 µm was defined by using photolithography (Figure 6.3).

Figure 6.3. (a) A optical microscopic image of the fabricated GeSn waveguides with cavity
widths of 1 to 5 µm. (b) A zoomed-in image of the waveguide with 5 µm cavity width.

A microscope was used to verify the ridge waveguide uniformity and sample cleanliness.
Next, the GeSn sample was hard baked at 115 oC for 15 minutes so that the photoresist could
serve as an effective mask for the wet chemical etching process. The wet chemical etching
process was carried out using a mixture of HCl: H2O2: H2O=1:1:20 at 0 °C. A slow etching rate
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of 20 nm/min was measured in the process. In comparison with room temperature etching,
smoother side walls were achieved in a low temperature wet chemical etching process. An
etching depth of 800 nm was obtained to form the GeSn ridge waveguides.

Figure 6.4. The SEM images of the fabricated GeSn ridge waveguide with (a) 3 µm and (b) 5
µm width.

The SEM images showed that the top width of the waveguide was 3 µm while the bottom
width was 5 µm (Figure 6.4). This occurrence was due to lateral etch of the wet chemical etching
process. Due to the nature of chemical etching, the side walls at the top were etched more than
the bottom portion of the waveguides. Smooth side walls provided by the chemical etching
method decreased the scattering loss in the waveguide. All samples were carefully analyzed
under the SEM and confirmed that the recipe used in the fabrication of waveguides was a robust
and repeatable procedure.
In order to achieve mirror-like facets, the lapping process was required. The fabricated
GeSn waveguide samples were lapped to the thickness of ~70 µm and, subsequently, cleaved to
form the mirror-like facets.
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6.4 Optical pumping measurement on the direct bandgap GeSn
The optical pumping setup described in Chapter 2 was implemented to perform the
optical pumping measurements on the fabricated GeSn waveguides. The lapped devices were
bonded on a Si chip and then mounted inside the cryostat. The 1064 nm pulsed laser with 45 kHz
repetition rate, and 6 ns pulse width was focused on the waveguide sample after passing through
a cylindrical lens with a focal length of 7.5 cm. The laser power was attenuated using neutral
density filters and adjusted to the desired values with a rotating polarizer right before the
cylindrical lens.
To calculate the power density, the effective area of the focused laser beam was critical to
be determined. In fact, the area on which the laser beam was distributed homogeneously on the
sample was required to calculate accurate power density. To measure the area, the well-known
knife-edge technique [161], [162] was used to quantify the length and the width of the
rectangular beam shape focused on the sample. The beam length of 3 mm and width of 20 µm
was evaluated after the knife-edge measurement. The measured beam area was directly used in
the calculation of peak power density.
The pumping laser illuminated homogenously on the GeSn waveguide and the emission
from the facet was collected using a CaF2 lens and eventually delivered to the spectrometer and
PbS detector (cut-off at 3.0 μm) to monitor the signal. The integrated intensity of the waveguide
emission was measured by adjusting the position of the grating at zero meaning that the grating
acted as a mirror to send the waveguide emission output power to the detector. This technique
saved a lot of time compared to calculation of integrated intensity from the area below the GeSn
waveguide emission spectra. It is worthwhile to mention that longpass filters were placed at the
spectrometer entrance to block the penetration of undesirable light.
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6.5 Characterization of optically pumped GeSn laser
In order to characterize the lasing performance of the GeSn waveguides, the output power
collected from the waveguide versus the incident power of the pumping laser (L-L) was
measured at different temperatures. This method clearly indicated the lasing threshold power
density and the effect of temperature on the threshold condition. Figure 6.5 presents the
temperature-dependent L-L curves of a GeSn waveguide with 5 µm width and 930 µm length.
The power density threshold increased from 140 to 350 kW/cm2 from 77 K to 110 K. Beyond
110 K no lasing from the GeSn waveguide was observed. The reason to choose a long cavity
waveguide was due to the lower mirror loss in longer cavities. Details on the cavity length
dependent analysis will be proposed as a part of the future work.

Figure 6.5. The temperature-dependent L-L curves from the GeSn waveguide with 930 µm
length and 5 µm width.
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Figure 6.5 shows that the threshold power density was less for lower temperature. The
threshold power density of 140 kW/cm2 was achieved for 77 K and 350 kW/cm2 for 110 K.
Beyond 110 K, the lasing behavior almost disappeared due to the increase in the thermal loss. A
useful parameter that indicates the figure-of-merit in the GeSn waveguide laser is the
characteristic temperature (T0). The power density of lasing threshold versus temperature was
extracted. The extracted data was fitted using Equation 6.1. I0 was the initial and Ith was the
threshold intensity, respectively. Based on fitting the following equation on the extracted data
points, T0 was calculated to be 65 K. The higher characteristic temperature represents a laser
device whose performance was less sensitive to the variation of the temperature. The calculated
T0 was comparable with the early results of the III-V optically pumped lasers [163], [164].

I th  I 0 exp(

T
)
T0

(Equation 6.1)

The laser emission spectrum of the GeSn waveguide characterized in this study is also
presented. The reduction in the linewidth of the laser emission compare to the PL spectrum of
the same sample clearly indicated the stimulated emission from the waveguide. The PL spectrum
of GeSn sample before fabricating into the waveguide was measured at 77 K and 300 K using
standard PL setup. After fabrication of the GeSn waveguide, the emission spectrum from the
waveguide facet was measured using optical pumping setup. Results from the PL and optical
pumping measurements are plotted in the same graph for comparison in Figure 6.6. As shown in
Figure 6.6, the linewidth of the laser spectrum was dramatically reduced to 7 meV compared to
the linewidth of the PL spectrum which was 68 meV at the same temperature. The achieved laser
spectrum linewidth at 77 K indicates that it could be further reduced once temperature decreased.
It should be noted that the power density used in the GeSn laser spectrum measurement was 5
times higher than the threshold power density. The peak position of the laser spectrum was 2476
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nm which is the longest wavelength reported for the GeSn waveguide lasers. The double
heterostructure design of the Ge/GeSn/Ge sample used in the fabrication of waveguide laser
improved the performance of the laser by providing sufficient carrier confinement in the GeSn
active region.

Figure 6.6. The PL spectra of the GeSn sample at 77 K (red color) and 300 K (brown color)
before fabricating into a GeSn waveguide and the laser spectrum (blue color) collected from the
facet of the waveguide in the optical pumping measurement at 77 K.

To study the distribution of the optical field in the designed structure, the fundamental
transverse electric mode (TE0) was simulated. Using the ellipsometry measurements, the
refractive index of the layers was extracted and implemented in the simulation of the
Ge/GeSn/Ge waveguide structure. Figure 6.7, shows the distribution of the TE0 mode in the
GeSn waveguide structure. As indicated in Figure 6.7, the main portion of the fundamental TE0
mode was confined in the top GeSn thick layer. Based on the calculation, the TE0 mode had 85%

109

overlap with the top GeSn active layer. Also, the TE0 mode had 18% overlap with the bottom
GeSn layer and 14% overlap with Ge buffer layer. The simulation results indicated the
confinement factor of 67% for the optical field in the designed structure.

Figure 6.7. The 1D optical field distribution of TE0 mode in the Ge/GeSn/Ge DHS with specified
refractive index obtained from ellipsometry measurement.

To further reduce the threshold and improve the lasing performance of the GeSn ridge
waveguide, the following parameters would need to be modified. 1) The Ge buffer and cap
layers in the Ge/GeSn/Ge DHS proposed in the study could be replaced by a wider bandgap
group IV-based material such as SiGeSn layer, lattice matched with GeSn active layer. The
lattice matched SiGeSn layers as a barrier for the GeSn would provide a large barrier height
leading to enhancement of the carrier confinement in the GeSn layer. 2) Choosing a thicker cap
layer in the DHS design would increase the overlapping of the fundamental TE0 mode with the
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GeSn active region and eventually provide better mode confinement. 3) Optimizing the thickness
of the GeSn layer and also the etching depth of the ridge waveguide would increase the modal
gain and, consequently, reduce the lasing threshold. 4) Further reduction in the threshold power
density could be achieved by designing a direct bandgap SiGeSn/GeSn/SiGeSn quantum well
with Type-I band alignment. An initial device design is proposed in the next chapter as a part of
the future work.
In summary, the initial lasing results from an optically pumped direct bandgap GeSn
ridge waveguide has been studied. The laser structure was grown in a commercially available
CVD system with cost effective precursors. The whole layers’ deposition was done in a single
run epitaxy process. The growth of thick GeSn film provided a direct bandgap GeSn layer
favorable for lasing performance. Implementing the direct bandgap GeSn layer in a Ge/GeSn/Ge
DHS increased the carrier confinement within the GeSn active layer and reduced the power
density threshold to 87 kW/cm2 which was almost five times lower than the threshold reported
by PGI-9 group in Germany [92] for their optically pumped GeSn waveguide laser.
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Chapter 7. Summary and future work
7.1 Summary and Conclusion
The presented research work provides fundamental vision to the GeSn-based
optoelectronic emitters for Si photonics. The main focus of this work was to study the
temperature-dependent bandgap emission of GeSn materials and devices with different Sn
compositions and structure favorable for the future of photonic integrated circuits. The material
characterization of GeSn thin films and subsequently the temperature-dependent PL study of
GeSn samples with different Sn compositions was explored.
Two distinctive PL emissions related to the direct and indirect banadgap of GeSn were
clearly observed. The PL emissions at low temperatures were assigned to the indirect transitions
and at high temperatures were attributed to the direct transitions. Observation of both direct and
indirect transitions at different temperatures was a signature of an indirect bandgap GeSn
material where the L valley of the indirect bandgap energy remains lower than the Γ valley of the
direct bandgap energy. The PL emission was less efficient for the indirect GeSn materials since
carriers were distributed in both Γ and L valleys; however, increasing the Sn composition and
reduction of compressive strain in the GeSn led to the first observation of a TRUE direct
bandgap GeSn material. The GeSn sample with 10% Sn composition and 1.1% compressive
strain exhibited different behavior compare to the other strained GeSn samples with lower Sn
composition. Analysis of the integrated PL intensity and the line-width of PL spectra at different
temperatures along with the theoretical assessments confirmed that only the direct bandgap
transition happened at different temperatures. Therefore, carriers only occupied the Γ valley in
different temperature. This GeSn bandgap directness was further verified after a series of PL
measurements on the strained relaxed GeSn samples with Sn compositions higher than 6%.
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Enhancement of the PL intensity, and also reduction of the PL spectra line-width, stated that
direct bandgap GeSn material with high optical quality had been achieved. The opportunity of
growing direct bandgap GeSn paved the way to achieve the essential component of the group IVbased optoelectronic emitters.
In addition, the temperature-dependent emission of advanced GeSn structures, such as
quantum well (QW) and double heterostructure was thoroughly explored. The band structure of
the designed SiGeSn/GeSn/SiGeSn single QW was analyzed and band alignment calculations
revealed a Type-I band alignment with carrier confinement at low temperatures. After cautious
examination of the Si and Sn composition and strain of the QW structure, it was realized that the
GeSn QWs were indirect bandgap materials with the L valley lower than the Γ valley; however,
the band offset calculations showed that the barrier height between the SiGeSn barriers and GeSn
QW could provide sufficient carrier confinement within the QW region at low temperatures.
Thus, efficient carrier recombination with high-intensity PL emissions at low temperatures was
observed for the GeSn QW.
Although the Type-I band alignment in the SiGeSn/GeSn/SiGeSn QW structure offered
the confinement that induced a high-intensity PL emission at low temperatures, the indirectness
of the GeSn well region limited its performance as an efficient emitter. The distribution of
carriers between Γ valley and L valley in different temperatures reduced the recombination rate
from the conduction band to the valence band. Moreover, the designed barrier height was not
able to confine the carriers in temperatures higher than 50 K; thus, the PL intensity of GeSn QW
decreased for temperatures above 50 K. An optimized QW design is required to achieve direct
bandgap GeSn QW with Type-I band alignment. A detailed discussion on the proposed design is
provided in the future work of this chapter.
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In order to study the GeSn light emitting diodes (LEDs) and their performance in
different temperatures under current injections less than 10 kA/cm2, the Ge/GeSn/Ge n-i-p
double heterostructure was grown and fabricated into a surface emitting and edge emitting LEDs.
The wavelength coverage of the designed GeSn LEDs was beneficial for the gas detection and
biochemical sensing for wavelengths from 1.5 µm to 3 µm, known as short-wave infrared. The
challenges regarding the characterization of fabricated GeSn LEDs were examined, and the
required apparatus were designed and utilized to efficiently measure the LED output emission.
The GeSn LED electrical and optical characteristics were investigated from 77 K to 300 K and
the electronic band structure was inspected. The Type-I band alignment was observed due to the
barrier height between Ge barriers and GeSn active layer. The Sn composition in the GeSn layer
combined with the compressive strain in the lattice structure led to an indirectness of the GeSn
bandgap. Therefore, the output emission from both surface emitting and edge emitting structures
was not quite strong. Optimizing the thickness of GeSn active layer, increasing the Sn
composition, reducing the compressive strain, and replacing the Ge barriers with SiGeSn layers
could provide direct bandgap GeSn n-i-p double heterostructure LEDs with strong emission.
Lasing performance from relaxed thick GeSn double heterostructure waveguide cavity
was investigated as the last assessment of GeSn emitters. The 800 nm thick direct bandgap GeSn
waveguides with cavity width of 5 µm and a cavity length of 930 µm was studied under the
optical pumping measurements, and the threshold power density and laser spectra were measured
at different temperatures. The threshold power density of 87 kW/cm2 measured for the laser at 10
K was the lowest ever reported threshold for the optically-pumped GeSn waveguides, and the
observed operation temperature of 110 K was the highest value achieved for such a waveguide
laser. The enhancement of the carrier confinement in the Ge/GeSn/Ge double heterostructure
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resulted in the lower threshold and higher operation temperature for the presented GeSn laser.
However, this accomplishment is still the beginning of a long path to provide room temperature
electrically-injected GeSn laser for the integrated Si photonics. A comprehensive study is
required to design the advanced structures based on a SiGeSn/GeSn system with high carrier
confinement and optical field confinement within the gain medium to exhibit low threshold
group IV-based lasers with room temperature operation. Moreover, the theoretical and
experimental mode study is required to further analyze the properties of the GeSn laser emission.

7.2 Future work
The SiGeSn/GeSn/SiGeSn QW structure presented in this work could be considered as a
fundamental component of future of GeSn-based optoelectronic devices for the infrared
wavelength applications. Specifically, direct bandgap QW structure with the Type-I band and
large barrier heights are able to provide effective carrier confinement for the low threshold QW
LEDs and lasers. Such a confining structure with defect-free layers in its building block could
operate at room temperature. The major issues noticed in the current GeSn QW, discussed in
Chapter 4, are described as following: i) bandgap indirectness of the GeSn QW; ii) insufficient
barrier height between GeSn QW and SiGeSn barriers; and, iii) high compressive strain in the
GeSn QW layer. Here, a new design for the GeSn QW structure is proposed in which all the
above points have been addressed. Optimization of the GeSn QW presented in this work could
eventually provide the desired low threshold GeSn QW LEDs and lasers with room temperature
operation.
Figure 7.1 depicts the schematic diagram of the proposed QW structure. The new design
is based on the current capability of the growth system. It is already shown that the maximum Sn
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composition of the pseudomorphic GeSn QW is 10%. The Ge0.9Sn0.1 QW, pseudomorphic to the
Ge buffer layer, experiences a 1.1% compressive strain in the lattice structure. Based on the
results discussed in Chapter 3, the 1.1% compressive strain forces the Ge0.9Sn0.1 to remain an
indirect bandgap material.

Figure 7.1. Proposed structure that offers a direct bandgap GeSn QW with Type-I band
alignment and sufficient carrier confinement.

To overcome that constraint, a buffer layer with less lattice mismatch with Ge0.9Sn0.1 is
desired. A thick GeSn buffer layer with low Sn composition has less lattice mismatch with
Ge0.9Sn0.1, so the compressive strain in the lattice structure of Ge0.9Sn0.1 will be reduced.
Therefore, the Ge0.9Sn0.1 QW could exhibit direct bandgap characteristics favorable for emitting
devices. Moreover, to provide sufficient carrier confinement in the GeSn QW layer, a SiGeSn
cladding layer lattice matched to the new GeSn buffer is proposed. Inserting that layer ensures
the necessary barrier height due to the wider bandgap of SiGeSn compare to GeSn. Finally, a
GeSn barrier layer lattice matched to GeSn buffer layer provides another level of confinement
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for the Ge0.9Sn0.1 QW region. The Sn composition of the GeSn buffer and barrier layers and the
Si and Sn compositions of the lattice matched SiGeSn cladding layer should be carefully selected
to provide the required direct bandgap Ge0.9Sn0.1 QW.
In order to determine the Sn composition required for the GeSn buffer layer, a contour
plot is provided in Figure 7.2. The negative values represent the indirect band gap GeSn and the
positive ones signify the bandgap directness of a pseudomorphic GeSn QW layer. The dashed
line is the border indicating the compressive-stained or tensile-strained GeSn QW.

Figure 7.2. Contour plot demonstrating the energy difference between the Γ and L valleys of the
pseudomorphic GeSn QW with a relaxed GeSn as a buffer.

Calculation of the bandgap directness of the GeSn QW layer with the contour plot offers
a better understanding on the range of Sn compositions that can be used for the relaxed GeSn
buffer and pseudomorphic GeSn QW. In the contour plot shown in Figure 7.2, the x-axis is the
Sn percentage of the GeSn buffer layer and the y-axis represents the Sn composition for the
GeSn QW layer pseudomorphic to GeSn buffer layer. The contour lines are the difference
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between the Γ valley and L valley of the conduction band (ΔEcQW=EL-EΓ) in the Ge0.9Sn0.1 QW.
The positive values of the contour lines represent the direct bandgap GeSn QW meaning that L
valley is higher than the Γ valley energy level. The calculation of the ΔEcQW was based on the
strain-dependent bandgap calculation discussed in Chapter 4.
Based on the contour plot in Figure 7.2, almost 1% Sn in the GeSn buffer layer is
required to achieve direct bandgap pseudomorphic Ge0.9Sn0.1 QW; however, this is not the only
criteria that needs to be considered. Another parameter that plays an important role in the QW
confinement is the barrier height between the Ge0.9Sn0.1 QW and GeSn buffer/barrier layer. The
second contour plot was prepared to calculate the highest barrier height (ΔEcBarrier-Well) when the
Sn composition changes in the GeSn buffer/barrier and QW layers. The largest positive values
of the contour lines indicate the highest band offset between the Ge0.9Sn0.1 QW and GeSn
buffer/barrier layer.

Figure 7.3. The conduction band offset between the Ge0.9Sn0.1 QW and GeSn buffer/barrier
layers are shown as contour lines.
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As shown in the contour plot of Figure 7.3, the Ge0.9Sn0.1 QW has the largest conduction
band offset with the GeSn layers with Sn compositions between 4.5% to 5.5%, the range that is
shown between two yellow asterisks in the contour plot (ΔEcBarrier-Well ≃ 60 meV). The QW
structure design is proposed based on considering the Ge0.95Sn0.05 as the buffer layer. Another
reason that legitimizes using GeSn with 5% Sn composition is a critical thickness. As mentioned
earlier in this section, a GeSn relaxed buffer layer with thickness of ~ 400 nm is required for the
new optimized QW structure. To achieve that thickness, the Ge0.95Sn0.05 buffer layer is the best
candidate. GeSn layers with lower Sn compositions would not provide relaxed layer since their
critical thicknesses are higher than the one for Ge0.95Sn0.05. They will be relaxed in thicknesses
above 600 nm which is beyond the thickness that was designed for the relaxed GeSn buffer
layer.
The next step in the QW structure design is to find the SiGeSn cladding layer lattice
matched to the Ge0.95Sn0.05 buffer layer for a separate confinement. A wider bandgap SiGeSn
layer provides sufficient carrier confinement for the whole QW structure. Based on Vegard’s
law, the lattice constant of the Ge0.95Sn0.05 buffer layer is 5.7 𝐴̇. Therefore, certain values for Si
and Sn compositions are required to provide the SiGeSn cladding layer with an in-plane lattice
constant of 5.7 𝐴̇. A lattice matched SiGeSn (relative to the GeSn buffer) with desired band
alignment will be achieved by tuning the Si and Sn compositions, separately. Additionally, the
band offset between the SiGeSn cladding layer and Ge0.9Sn0.1 QW for the conduction band
(ΔEccladding-well) and the valence band (ΔEvcladding-well) were calculated. In Figure 7.4, the 3D plots
represent the correlated Si and Sn compositions required for the SiGeSn lattice matched to
Ge0.95Sn0.05 buffer. The z-axis in the figure signifies the values for ΔEccladding-well (Figure 7.4.a)
and ΔEvcladding-well (Figure 7.4.b).
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Figure 7.4. (a) Band offset between the conduction band of Ge0.9Sn0.1 QW and SiGeSn
cladding layer lattice matched to Ge0.95Sn0.05 buffer/barrier. (b) The band offset between the
valence band of Ge0.9Sn0.1 QW and SiGeSn cladding layer lattice matched to Ge0.95Sn0.05
buffer/barrier.
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Based on Figure 7.4, the SiGeSn with 15% Si and 8.8% Sn provides the largest band
offsets between the SiGeSn and Ge0.9Sn0.1 QW layer. Therefore, the final GeSn QW structure
design with the Si and Sn percentages in the layers will be achieved.
The band structure of the finalized configuration of GeSn QW is shown in Figure 7.5. As
indicated in that figure, the Ge0.9Sn0.1 QW in the designed structure is a direct bandgap material
which features a Type-I band alignment with Ge0.95Sn0.05 barriers and the Si0.12Ge0.762S0.088
cladding layer.

Figure 7.5. Band alignment of proposed QW structure designed to provide a direct bandgap
GeSn QW with Type-I band alignment and sufficient carrier confinement within the QW
region.

The provided barrier heights between Ge0.9Sn0.1 QW and Ge0.95Sn0.05 barrier and
Si0.12Ge0.762S0.088 cladding layers introduce sufficient confinement for the carriers inside the QW
region. The transition energy between the EcΓ1 to EvHH1 is the dominant transition of the QW
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structure that leads to an emission with 2400 nm wavelength. The proposed QW structure could
be further improved to be implemented in the electrically-pumped GeSn QW lasers.

122

References
[1]

P. P. Gelsinger, “Microprocessors for the new millennium: Challenges, opportunities, and
new frontiers,” in Solid-State Circuits Conference, 2001. Digest of Technical Papers. ISSCC.
2001 IEEE International, 2001, pp. 22–25.

[2]

D. Singh and V. Tiwari, “Power challenges in the internet world,” in Cool Chips Tutorial
in conjunction with the 32nd Annual International Symposium on Microarchitecture, pp. 815, 1999.

[3]

A. Bruno, Technical field of optoelectronics. U.S. Patent No. 5,631,768. 20 May 1997.

[4]

M. M. Waldrop, “The chips are down for Moore’s law,” Nat. News, vol. 530, no. 7589, p.
144, 2016.

[5]

K. J. Kuhn, “Moore’s Law Past 32nm: Future Challenges in Device Scaling,” in
Computational Electronics, 2009. IWCE’09. 13th International Workshop on, 2009, pp. 1–6.

[6]

R. Soref, “The past, present, and future of silicon photonics,” IEEE J. Sel. Top. Quantum
Electron., vol. 12, no. 6, pp. 1678–1687, 2006.

[7]

R. Soref, “Silicon photonics: a review of recent literature,” Silicon, vol. 2, no. 1, pp. 1–6,
2010.

[8]

R. A. Soref, “Silicon-based optoelectronics,” Proc. IEEE, vol. 81, no. 12, pp. 1687–1706,
1993.

[9]

R. Soref, “Applications of silicon-based optoelectronics,” MRS Bull., vol. 23, no. 4, pp.
20–24, 1998.

[10] K. K. Lee, D. R. Lim, L. C. Kimerling, J. Shin, and F. Cerrina, “Fabrication of ultralowloss Si/SiO2 waveguides by roughness reduction,” Opt. Lett., vol. 26, no. 23, pp. 1888–1890,
2001.
[11] J. Arentoft, T. Søndergaard, M. Kristensen, A. Boltasseva, M. Thorhauge, and L.
Frandsen, “Low-loss silicon-on-insulator photonic crystal waveguides,” Electron. Lett., vol.
38, no. 6, p. 1, 2002.
[12] A. Sakai, T. Fukazawa, and B. Toshihiko, “Low loss ultra-small branches in a silicon
photonic wire waveguide,” IEICE Trans. Electron., vol. 85, no. 4, pp. 1033–1038, 2002.
[13] S. J. McNab, N. Moll, and Y. A. Vlasov, “Ultra-low loss photonic integrated circuit with
membrane-type photonic crystal waveguides,” Opt. Express, vol. 11, no. 22, pp. 2927–2939,
2003.
[14] T. Fukazawa, T. Hirano, F. Ohno, and T. Baba, “Low loss intersection of Si photonic
wire waveguides,” Jpn. J. Appl. Phys., vol. 43, no. 2R, p. 646, 2004.

123

[15] J. Cardenas, C. B. Poitras, J. T. Robinson, K. Preston, L. Chen, and M. Lipson, “Low loss
etchless silicon photonic waveguides,” Opt. Express, vol. 17, no. 6, pp. 4752–4757, 2009.
[16] J. F. Bauters, M. J. Heck, D. John, D. Dai, M.-C. Tien, J. S. Barton, A. Leinse, R. G.
Heideman, D. J. Blumenthal, and J. E. Bowers, “Ultra-low-loss high-aspect-ratio Si3N4
waveguides,” Opt. Express, vol. 19, no. 4, pp. 3163–3174, 2011.
[17] O. I. Dosunmu, D. D. Cannon, M. K. Emsley, L. C. Kimerling, and M. S. Unlu, “Highspeed resonant cavity enhanced Ge photodetectors on reflecting Si substrates for 1550-nm
operation,” IEEE Photonics Technol. Lett., vol. 17, no. 1, pp. 175–177, 2005.
[18] S. J. Koester, J. D. Schaub, G. Dehlinger, and J. O. Chu, “Germanium-on-SOI infrared
detectors for integrated photonic applications,” IEEE J. Sel. Top. Quantum Electron., vol. 6,
no. 12, pp. 1489–1502, 2006.
[19] L. Vivien, M. Rouvière, J.-M. Fédéli, D. Marris-Morini, J.-F. Damlencourt, J. Mangeney,
P. Crozat, L. El Melhaoui, E. Cassan, X. Le Roux, “High speed and high responsivity
germanium photodetector integrated in a Silicon-On-Insulator microwaveguide,” Opt.
Express, vol. 15, no. 15, pp. 9843–9848, 2007.
[20] L. Vivien, J. Osmond, J.-M. Fédéli, D. Marris-Morini, P. Crozat, J.-F. Damlencourt, E.
Cassan, Y. Lecunff, and S. Laval, “42 GHz pin Germanium photodetector integrated in a
silicon-on-insulator waveguide,” Opt. Express, vol. 17, no. 8, pp. 6252–6257, 2009.
[21] S. Assefa, F. Xia, S. W. Bedell, Y. Zhang, T. Topuria, P. M. Rice, and Y. A. Vlasov,
“CMOS-integrated high-speed MSM germanium waveguide photodetector,” Opt. Express,
vol. 18, no. 5, pp. 4986–4999, 2010.
[22] F. Schaffler, D. Tobben, H.-J. Herzog, G. Abstreiter, and B. Hollander, “High-electronmobility Si/SiGe heterostructures: influence of the relaxed SiGe buffer layer,” Semicond. Sci.
Technol., vol. 7, no. 2, p. 260, 1992.
[23] O. Qasaimeh and P. Bhattacharya, “SiGe-Si quantum-well electroabsorption
modulators,” IEEE Photonics Technol. Lett., vol. 10, no. 6, pp. 807–809, 1998.
[24] D. J. Paul, “Si/SiGe heterostructures: from material and physics to devices and circuits,”
Semicond. Sci. Technol., vol. 19, no. 10, p. R75, 2004.
[25] S. Lourdudoss, “Heteroepitaxy and selective area heteroepitaxy for silicon photonics,”
Curr. Opin. Solid State Mater. Sci., vol. 16, no. 2, pp. 91–99, 2012.
[26] M. Paladugu C. Merckling, R. Loo, O. Richard, H. Bender, J. Dekoster, W. Vandervorst,
M. Caymax, M. Heyns, “Site selective integration of III–V materials on Si for nanoscale
logic and photonic devices,” Cryst. Growth Des., vol. 12, no. 10, pp. 4696–4702, 2012.
[27] Y. Hayashi, R. Osabe, K. Fukuda, Y. Atsumi, J. Kang, N. Nishiyama, and S. Arai, “Low
threshold current density operation of a GaInAsP/Si hybrid laser prepared by low-

124

temperature N2 plasma activated bonding,” Jpn. J. Appl. Phys., vol. 52, no. 6R, p. 60202,
2013.
[28] G.-H. Duan, C. Jany, A. Le Liepvre, A. Accard, M. Lamponi, D. Make, P. Kaspar, G.
Levaufre, N. Girard, F. Lelarge, “Hybrid III–V on Silicon Lasers for Photonic Integrated
Circuits on Silicon,” IEEE J. Sel. Top. Quantum Electron., vol. 20, no. 4, pp. 158–170, 2014.
[29] Z.-H. Zhu, F. E. Ejeckam, Y. Qian, J. Zhang, Z. Zhang, G. L. Christenson, and Y. H. Lo,
“Wafer bonding technology and its applications in optoelectronic devices and materials,”
IEEE J. Sel. Top. Quantum Electron., vol. 3, no. 3, pp. 927–936, 1997.
[30] K. Tanabe, D. Guimard, D. Bordel, S. Iwamoto, and Y. Arakawa, “Electrically pumped
1.3 μm room-temperature InAs/GaAs quantum dot lasers on Si substrates by metal-mediated
wafer bonding and layer transfer,” Opt. Express, vol. 18, no. 10, pp. 10604–10608, 2010.
[31] S. Ting, M. T. Bulsara, V. Yang, M. Groenert, S. Samavedam, M. Currie, T. Langdo, E.
A. Fitzgerald, A. M. Joshi, R. Brown, “Monolithic integration of III-V materials and devices
on silicon,” in Optoelectronics’ 99-Integrated Optoelectronic Devices, 1999, pp. 19–28.
[32] B. Bolkhovityanov, O. P Pchelyakov, “III-V compounds-on-Si: Heterostructure
fabrication, application and prospects,” Open Nanosci. J., vol. 3, no. 1, 2009.
[33] A. D. Lee, Q. Jiang, M. Tang, Y. Zhang, A. J. Seeds, and H. Liu, “InAs/GaAs quantumdot lasers monolithically grown on Si, Ge, and Ge-on-Si substrates,” IEEE J. Sel. Top.
Quantum Electron., vol. 19, no. 4, pp. 1901107–1901107, 2013.
[34] S. Chen, M. Tang, Q. Jiang, J. Wu, V. G. Dorogan, M. Benamara, Y. I. Mazur, G. J.
Salamo, P. Smowton, A. Seeds, “InAs/GaAs quantum-dot superluminescent light-emitting
diode monolithically grown on a Si substrate,” ACS Photonics, vol. 1, no. 7, pp. 638–642,
2014.
[35] D. J. Lockwood and L. Pavesi, Silicon photonics II: components and integration series:
topics in applied physics. Springer, Berlin, 2011.
[36] Y. Ishikawa, K. Wada, D. D. Cannon, J. Liu, H.-C. Luan, and L. C. Kimerling, “Straininduced band gap shrinkage in Ge grown on Si substrate,” Appl. Phys. Lett., vol. 82, no. 13,
pp. 2044–2046, 2003.
[37] R. Soref, “The achievements and challenges of silicon photonics,” Adv. Opt. Technol.,
vol. 2008, 2008.
[38] J. Liu, X. Sun, R. Camacho-Aguilera, Y. Cai, J. Michel, and L. C. Kimerling, “Bandengineered Ge-on-Si lasers,” in Electron Devices Meeting (IEDM), 2010 IEEE International,
2010, pp. 6–6.
[39] J. Liu, X. Sun, R. Camacho-Aguilera, Y. Cai, L. C. Kimerling, and J. Michel,
“Monolithic Ge-on-Si lasers for integrated photonics,” The 7th International Conference on
Group IV Photonics (GFP), 2010.
125

[40] J. Liu, X. Sun, R. Camacho-Aguilera, L. C. Kimerling, and J. Michel, “Ge-on-Si laser
operating at room temperature,” Opt. Lett., vol. 35, no. 5, pp. 679–681, 2010.
[41] J. Liu, “Monolithically integrated Ge-on-Si active photonics,” in Photonics, 2014, vol. 1,
pp. 162–197.
[42] R. Chen, “Germanium-Tin: A Material and Technology for Group-IV Photonics
Integration on Silicon,” Stanford University, 2014.
[43] R. Chen, S. Gupta, Y.-C. Huang, Y. Huo, C. W. Rudy, E. Sanchez, Y. Kim, T. I. Kamins,
K. C. Saraswat, and J. S. Harris, “Demonstration of a Ge/GeSn/Ge quantum-well microdisk
resonator on silicon: enabling high-quality Ge (Sn) materials for micro-and nanophotonics,”
Nano Lett., vol. 14, no. 1, pp. 37–43, 2013.
[44] R. E. Camacho-Aguilera, Y. Cai, N. Patel, J. T. Bessette, M. Romagnoli, L. C.
Kimerling, and J. Michel, “An electrically pumped germanium laser,” Opt. Express, vol. 20,
no. 10, pp. 11316–11320, 2012.
[45] R. E. Camacho-Aguilera, Y. Cai, N. Patel, J. T. Bessette, M. Romagnoli, L. C.
Kimerling, and J. Michel, “Germanium Laser: A CMOS compatible light emitter,” in The
9th International Conference on Group IV Photonics (GFP), 2012, pp. 323–324.
[46] A. Ghrib, M. El Kurdi, M. Prost, S. Sauvage, X. Checoury, G. Beaudoin, M. Chaigneau,
R. Ossikovski, I. Sagnes, and P. Boucaud, “All-Around SiN Stressor for High and
Homogeneous Tensile Strain in Germanium Microdisk Cavities,” Adv. Opt. Mater., vol. 3,
no. 3, pp. 353–358, 2015.
[47] G. Shambat, S.-L. Cheng, J. Lu, Y. Nishi, and J. Vuckovic, “Direct band Ge
photoluminescence near 1.6 μm coupled to Ge-on-Si microdisk resonators,” Appl. Phys.
Lett., vol. 97, no. 24, p. 241102, 2010.
[48] M. Prost, M. El Kurdi, A. Ghrib, S. Sauvage, X. Checoury, N. Zerounian, F. Aniel, G.
Beaudoin, I. Sagnes, F. Boeuf, “Tensile-strained germanium microdisk
electroluminescence,” Opt. Express, vol. 23, no. 5, pp. 6722–6730, 2015.
[49] A. Ghrib, M. El Kurdi, M. de Kersauson, M. Prost, S. Sauvage, X. Checoury, G.
Beaudoin, I. Sagnes, and P. Boucaud, “Tensile-strained germanium microdisks,” Appl. Phys.
Lett., vol. 102, no. 22, p. 221112, 2013.
[50] A. Z. Al-Attili, S. Kako, M. K. Husain, F. Y. Gardes, N. Higashitarumizu, S. Iwamoto,
Y. Arakawa, Y. Ishikawa, H. Arimoto, K. Oda, “Whispering gallery mode resonances from
Ge micro-disks on suspended beams,” Front. Mater., vol. 2, p. 43, 2015.
[51] C. H. L. Goodman, “Direct-gap group IV semiconductors based on tin,” IEE Proc. Solid-State Electron Devices, vol. 129, no. 5, pp. 189–192, 1982.

126

[52] W. Wegscheider, K. Eberl, U. Menczigar, and G. Abstreiter, “Single-crystal Sn/Ge
superlattices on Ge substrates: Growth and structural properties,” Appl. Phys. Lett., vol. 57,
no. 9, pp. 875–877, 1990.
[53] J. Piao, R. Beresford, T. Licata, W. I. Wang, and H. Homma, “Molecular-beam epitaxial
growth of metastable Ge1- xSnx alloys,” J. Vac. Sci. Technol. B, vol. 8, no. 2, pp. 221–226,
1990.
[54] E. A. Fitzgerald, P. E. Freeland, M. T. Asom, W. P. Lowe, R. A. Macharrie, B. E. Weir,
A. R. Kortan, F. A. Thiel, Y.-H. Xie, A. M. Sergent, S. L. Cooper, G. A. Thomas, L. C.
Kimerling, “Epitaxially stabilized GexSn1- x diamond cubic alloys,” J. Electron. Mater., vol.
20, no. 6, pp. 489–501, 1991.
[55] E. Kasper, “Superlattices of group IV elements, a new possibility to produce direct band
gap material,” Phys. Scripta, vol. 1991, no. T35, p. 232, 1991.
[56] R. A. Soref and L. Friedman, Direct-gap germanium-tin multiple-quantum-well electrooptical devices on silicon or germanium substrates. U.S. Patent No. 5,548,128. 20 Aug.
1996.
[57] M. Bauer, J. Taraci, J. Tolle, A. V. G. Chizmeshya, S. Zollner, D. J. Smith, J. Menendez,
C. Hu, and J. Kouvetakis, “Ge–Sn semiconductors for band-gap and lattice engineering,”
Appl. Phys. Lett., vol. 81, no. 16, pp. 2992–2994, 2002.
[58] Z.-Y. Lu, C.-Z. Wang, and K.-M. Ho, “Structures and dynamical properties of Cn, Sin,
Gen, and Snn clusters with n up to 13,” Phys. Rev. B, vol. 61, no. 3, p. 2329, 2000.
[59] V. G. Deibuk and Y. G. Korolyuk, “The effect of strain on the thermodynamic properties
of Ge-Si, Ge-Sn, Si-Sn, Si-C thin solid films,” Semicond. Phys. Quantum Electron.
Optoelectron., vol. 5, no. 3, pp. 247–253, 2002.
[60] R. A. Soref, J. Menendez, and J. Kouvetakis, Strain-engineered direct-gap Ge/SnxGe1-x
heterodiode and multi-quantum-well photodetectors, laser, emitters and modulators grown
on SnySizGe1-yz buffered silicon. U.S. Patent No. 6,897,471. 24 May 2005
[61] P. Moontragoon, Z. Ikonić, and P. Harrison, “Band structure calculations of Si–Ge–Sn
alloys: achieving direct band gap materials,” Semicond. Sci. Technol., vol. 22, no. 7, p. 742,
2007.
[62] W. Dondl, E. Silveira, and G. Abstreiter, “MBE growth of ternary SnGeSiGe
superlattices,” J. Cryst. Growth, vol. 157, no. 1, pp. 400–404, 1995.
[63] J.-M. Baribeau, D. J. Lockwood, J. Balle, S. J. Rolfe, G. I. Sproule, and S. Moisa,
“Molecular beam epitaxy synthesis of Si1- yCy and Si1- x- yGexCy alloys and Ge islands using
an electron cyclotron resonance argon/methane plasma,” Thin Solid Films, vol. 410, no. 1,
pp. 61–71, 2002.

127

[64] A. V. G. Chizmeshya, M. R. Bauer, and J. Kouvetakis, “Experimental and theoretical
study of deviations from Vegard’s law in the SnxGe1-x system,” Chem. Mater., vol. 15, no.
13, pp. 2511–2519, 2003.
[65] J. Kouvetakis, J. Menendez, and A. V. G. Chizmeshya, “Tin-based group IV
semiconductors: New platforms for opto-and microelectronics on silicon,” Annu. Rev. Mater.
Res, vol. 36, pp. 497–554, 2006.
[66] S. Adachi, Properties of semiconductor alloys: group-IV, III-V and II-VI semiconductors,
vol. 28. John Wiley & Sons, 2009.
[67] Tolle, R. Roucka, V. D’Costa, J. Menendez, A. Chizmeshya, and J. Kouvetakis, “Snbased Group-IV Semiconductors on Si: New Infrared Materials and New Templates for
Mismatched Epitaxy,” MRS Proceedings, 891, 0891-EE12, 2005.
[68] V. R. D’Costa, C. S. Cook, J. Menéndez, J. Tolle, J. Kouvetakis, and S. Zollner,
“Transferability of optical bowing parameters between binary and ternary group-IV alloys,”
Solid State Commun., vol. 138, no. 6, pp. 309–313, 2006.
[69] J. Kouvetakis and A. V. Chizmeshya, “New classes of Si-based photonic materials and
device architectures via designer molecular routes,” J. Mater. Chem., vol. 17, no. 17, pp.
1649–1655, 2007.
[70] V. R. D’Costa, J. Tolle, C. D. Poweleit, J. Kouvetakis, and J. Menendez, “Compositional
dependence of Raman frequencies in ternary Ge1-x-ySixSny alloys,” Phys. Rev. B, vol. 76, no.
3, p. 35211, 2007.
[71] R. Soref, J. Kouvetakis, J. Tolle, J. Menendez, and V. D’Costa, “Advances in SiGeSn
technology,” J. Mater. Res., vol. 22, no. 12, pp. 3281–3291, 2007.
[72] R. Soref, J. Kouvetakis, and J. Menendez, “Advances in SiGeSn/Ge Technology,” in
2006 MRS Fall Meeting, 2007.
[73] V. R. D’Costa, Y.-Y. Fang, J. Tolle, J. Kouvetakis, and J. Menendez, “Ternary GeSiSn
alloys: New opportunities for strain and band gap engineering using group-IV
semiconductors,” Thin Solid Films, vol. 518, no. 9, pp. 2531–2537, 2010.
[74] A. Mosleh, S. A. Ghetmiri, B. R. Conley, M. Hawkridge, M. Benamara, A. Nazzal, J.
Tolle, S.-Q. Yu, H. A. Naseem, “Material Characterization of Ge1-xSnx Alloys Grown by a
Commercial CVD System for Optoelectronic Device Applications,” J. Electron. Mater., vol.
43, no. 4, pp. 938–946, 2014.
[75] J. Margetis, S. A. Ghetmiri, W. Du, B. R. Conley, A. Mosleh, R. Soref, G. Sun, L.
Domulevicz, H. A. Naseem, S.-Q. Yu, J. Tolle, “Growth and characterization of epitaxial
Ge1-xSnx alloys and heterostructures using a commercial CVD system,” ECS Trans., vol. 64,
no. 6, pp. 711–720, 2014.

128

[76] A. Mosleh, M. A. Alher, L. C. Cousar, W. Du, S. A. Ghetmiri, T. Pham, J. M. Grant, G.
Sun, R. A. Soref, B. Li, H. A. Naseem, S.-Q. Yu, “Direct growth of Ge1- xSnx films on Si
using a cold-wall ultra-high vacuum chemical-vapor-deposition system,” Photonic Integr.
Photonics-Electron. Converg. Silicon Platf., p. 99, 2015.
[77] J. Xie, A. V. Chizmeshya, J. Tolle, V. R. D’Costa, J. Menendez, and J. Kouvetakis,
“Synthesis, Stability Range, and Fundamental Properties of Si- Ge- Sn Semiconductors
Grown Directly on Si (100) and Ge (100) Platforms,” Chem. Mater., vol. 22, no. 12, pp.
3779–3789, 2010.
[78] G. Grzybowski, L. Jiang, R. T. Beeler, T. Watkins, A. V. Chizmeshya, C. Xu, J.
Menéndez, and J. Kouvetakis, “Ultra-Low-Temperature Epitaxy of Ge-based
Semiconductors and Optoelectronic Structures on Si (100): Introducing Higher Order
Germanes (Ge3H8, Ge4H10),” Chem. Mater., vol. 24, no. 9, pp. 1619–1628, 2012.
[79] V. R. D’Costa, C. S. Cook, A. G. Birdwell, C. L. Littler, M. Canonico, S. Zollner, J.
Kouvetakis, J. Menéndez, “Optical critical points of thin-film Ge1-ySny alloys: a comparative
Ge1-ySny/Ge1-xSix study,” Phys. Rev. B, vol. 73, no. 12, p. 125207, 2006.
[80] J. Menendez and J. Kouvetakis, “Type-I Ge/Ge1-x-ySixSny strained-layer heterostructures
with a direct Ge bandgap,” Appl. Phys. Lett., vol. 85, no. 7, pp. 1175–1177, 2004.
[81] J. Mathews, R. T. Beeler, J. Tolle, C. Xu, R. Roucka, J. Kouvetakis, and J. Menéndez,
“Direct-gap photoluminescence with tunable emission wavelength in Ge1-ySny alloys on
silicon,” Appl Phys Lett, vol. 97, p. 221912, 2010.
[82] R. A. Soref, S. J. Emelett, and W. R. Buchwald, “Silicon waveguided components for the
long-wave infrared region, " J. Opt. Pure Appl. Opt., vol. 8, no. 10, p. 840, 2006.
[83] P. Y. Yang, S. Stankovic, J. Crnjanski, E. J. Teo, D. Thomson, A. A. Bettiol, M. B.
Breese, W. Headley, C. Giusca, G. T. Reed, G. Z. Mashanovich, “Silicon photonic
waveguides for mid-and long-wave infrared region,” J. Mater. Sci. Mater. Electron., vol. 20,
no. 1, pp. 159–163, 2009.
[84] R. Soref, “Toward silicon-based longwave integrated optoelectronics (LIO),” in
Integrated Optoelectronic Devices 2008, 2008, pp. 689809–689809.
[85] J. Tolle, R. Roucka, A. Chizmeshya, J. Kouvetakis, V. R. D’Costa, and J. Menéndez,
“Compliant tin-based buffers for the growth of defect-free strained heterostructures on
silicon,” Appl. Phys. Lett., vol. 88, no. 25, 2006.
[86] A. Gassenq, F. Gencarelli, J. Van Campenhout, Y. Shimura, R. Loo, G. Narcy, B.
Vincent, and G. Roelkens, “GeSn/Ge heterostructure short-wave infrared photodetectors on
silicon,” Opt. Express, vol. 20, no. 25, pp. 27297–27303, 2012.
[87] B. R. Conley, J. Margetis, W. Du, H. Tran, A. Mosleh, S. A. Ghetmiri, J. Tolle, G. Sun,
R. Soref, B. Li, H. A. Naseem, S.-Q. Yu, “Si based GeSn photoconductors with a 1.63 A/W
129

peak responsivity and a 2.4 μm long-wavelength cutoff,” Appl. Phys. Lett., vol. 105, no. 22,
p. 221117, 2014.
[88] B. R. Conley, A. Mosleh, S. A. Ghetmiri, W. Du, R. A. Soref, G. Sun, J. Margetis, J.
Tolle, H. A. Naseem, S.-Q. Yu, “Temperature dependent spectral response and detectivity of
GeSn photoconductors on silicon for short wave infrared detection,” Opt. Express, vol. 22,
no. 13, pp. 15639–15652, 2014.
[89] Y. Dong, W. Wang, X. Xu, X. Gong, D. Lei, Q. Zhou, Z. Xu, W. K. Loke, S.-F. Yoon, G.
Liang, Y. C. Yeo, “Germanium-tin on Si avalanche photodiode: device design and
technology demonstration,” IEEE Trans. Electron Devices, vol. 62, no. 1, pp. 128–135,
2015.
[90] N. von den Driesch, D. Stange, S. Wirths, D. Rainko, G. Mussler, T. Stoica, Z. Ikonic, J.M. Hartmann, D. Grützmacher, S. Mantl, D. Buca, “Direct bandgap GeSn light-emitting
diodes for short-wave infrared applications grown on Si,” in SPIE OPTO, 2016, p. 97520C–
97520C.
[91] T. Pham, W. Du, H. Tran, J. Margetis, J. Tolle, G. Sun, R. A. Soref, H. A. Naseem, B. Li,
and S.-Q. Yu, “Systematic study of Si-based GeSn photodiodes with 2.6 μm detector cutoff
for short-wave infrared detection,” Opt. Express, vol. 24, no. 5, pp. 4519–4531, 2016.
[92] S. Wirths, R. Geiger, N. Von Den Driesch, G. Mussler, T. Stoica, S. Mantl, Z. Ikonic, M.
Luysberg, S. Chiussi, J. M. Hartmann, H. Sigg, J. Faist, D. Buca, D. Grutzmacher, “Lasing
in direct-bandgap GeSn alloy grown on Si,” Nat. Photonics, vol. 9, no. 2, pp. 88–92, 2015.
[93] S. Wirths, D. Buca, and S. Mantl, “Si–Ge–Sn alloys: From growth to applications,” Prog.
Cryst. Growth Charact. Mater., vol. 62, no. 1, pp. 1–39, 2016.
[94] L. Vegard, “Die konstitution der mischkristalle und die raumfüllung der atome,” Z. Für
Phys. Hadrons Nucl., vol. 5, no. 1, pp. 17–26, 1921.
[95] S. Gupta, B. Magyari-Köpe, Y. Nishi, and K. C. Saraswat, “Achieving direct band gap in
germanium through integration of Sn alloying and external strain,” J. Appl. Phys., vol. 113,
no. 7, p. 73707, 2013.
[96] S. A. Ghetmiri, W. Du, J. Margetis, A. Mosleh, L. Cousar, B. R. Conley, L. Domulevicz,
A. Nazzal, G. Sun, R. A. Soref, J. Tolle, B. Li, H. A. Naseem, S. -Q. Yu, “Direct-bandgap
GeSn grown on silicon with 2230 nm photoluminescence,” Appl. Phys. Lett., vol. 105, no.
15, p. 151109, 2014.
[97] K. P. Homewood and M. A. Lourenço, “Optoelectronics: The rise of the GeSn laser,”
Nat. Photonics, vol. 9, no. 2, pp. 78–79, 2015.
[98] “Gallium Arsenide (GaAs).” [Online]. Available: http://www.universitywafer.com/IIIV/Gallium_Arsenide/gallium_arsenide.html. [Accessed: 17-Nov-2016].

130

[99] A. Harwit, P. R. Pukite, J. Angilello, and S. S. Iyer, “Properties of diamond structure
SnGe films grown by molecular beam epitaxy,” Thin Solid Films, vol. 184, no. 1, pp. 395–
401, 1990.
[100] R. R. Lieten, S. Decoster, M. Menghini, J. W. Seo, A. Vantomme, and J.-P. Locquet,
“Single Crystalline GeSn on Silicon by Solid Phase Crystallization,” ECS Trans., vol. 50, no.
9, pp. 915–920, 2013.
[101] J. Kouvetakis, M. Bauer, J. Tolle, and C. Cook, Method for preparing Ge1-x-ySnxey (e= p,
as, sb) semiconductors and related si-ge-sn-e and si-ge-e analogs. U.S. Patent No.
7,238,596. 3 Jul. 2007.
[102] M. Bauer, C. Ritter, P. A. Crozier, J. Ren, J. Menendez, G. Wolf, and J. Kouvetakis,
“Synthesis of ternary SiGeSn semiconductors on Si (100) via SnxGe1- x buffer layers,” Appl.
Phys. Lett., vol. 83, no. 11, pp. 2163–2165, 2003.
[103] T. Maruyama and H. Akagi, “Thin Films of Amorphous Germanium-Tin Alloys Prepared
by Radio-Frequency Magnetron Sputtering,” J. Electrochem. Soc., vol. 145, no. 4, pp. 1303–
1305, 1998.
[104] S. Al-Kabi, S. A. Ghetmiri, J. Margetis, W. Du, A. Mosleh, M. Alher, W. Dou, J. M.
Grant, G. Sun, R. A. Soref, J. Tolle, B. Li, M. Mortazavi, H. A. Naseem, S. -Q. Yu, “Optical
Characterization of Si-Based Ge1- xSnx Alloys with Sn Compositions up to 12%,” J.
Electron. Mater., vol. 45, no. 4, pp. 2133–2141, 2016.
[105] “PANalytical - X-ray diffractometers.” http://www.panalytical.com/Xraydiffractometers.htm. [Accessed: 17-Nov-2012].
[106] B. W. Dodson and P. A. Taylor, “Atomistic Monte Carlo calculation of critical layer
thickness for coherently strained siliconlike structures,” Appl. Phys. Lett., vol. 49, no. 11, pp.
642–644, 1986.
[107] S. M. Hu, “Misfit dislocations and critical thickness of heteroepitaxy,” J. Appl. Phys.,
vol. 69, no. 11, pp. 7901–7903, 1991.
[108] W. Du, S. Al-Kabi, S. Ghetmiri, H. Tran, T. Pham, B. Alharthi, A. Mosleh, J. Margetis, J.
Tolle, H. A. Naseem, M. Mortazavi, G. Sun, R. A. Soref, B. Li, S. -Q. Yu, “Development of
SiGeSn Technique Towards Mid-Infrared Devices in Silicon Photonics,” in Meeting
Abstracts, 2016, pp. 1940–1940.
[109] N. Von Den Driesch, D. Stange, S. Wirths, G. Mussler, B. Holländer, Z. Ikonic, J. M.
Hartmann, T. Stoica, S. Mantl, D. Grützmacher, D. Buca “Direct bandgap group IV epitaxy
on Si for laser applications,” Chem. Mater., vol. 27, no. 13, pp. 4693–4702, 2015.
[110] D. Stange, S. Wirths, N. Von Den Driesch, G. Mussler, T. Stoica, Z. Ikonic, J. M.
Hartmann, S. Mantl, D. Grützmacher, D. Buca, “Optical Transitions in Direct-Bandgap Ge1–
xSnx Alloys,” ACS Photonics, vol. 2, no. 11, pp. 1539–1545, 2015.
131

[111] J. D. Gallagher, C. L. Senaratne, C. Xu, P. Sims, T. Aoki, D. J. Smith, J. Menéndez, and
J. Kouvetakis, “Non-radiative recombination in Ge1- ySny light emitting diodes: The role of
strain relaxation in tuned heterostructure designs,” J. Appl. Phys., vol. 117, no. 24, p.
245704, 2015.
[112] “HORIBA - Home.” http://www.horiba.com/us/en/. [Accessed: 20-Jan-2013].
[113] “Keithley Precision DC and AC+DC Low Noise Current Sources | Tektronix.”
http://www.tek.com/keithley-low-level-sensitive-and-specialty-instruments/keithley-ultrasensitive-current-sources-seri. [Accessed: 01-Aug-2013].
[114] “Cryogenic Research Equipment by Janis Research Company.” http://www.janis.com/.
[Accessed: 19-Mar-2012].
[115] S. Gupta, “Germanium-tin (GeSn) technology,” Stanford University, 2013.
[116] W. Du, S. A. Ghetmiri, B. R. Conley, A. Mosleh, A. Nazzal, R. A. Soref, G. Sun, J.
Tolle, J. Margetis, H. A. Naseem, S. -Q. Yu, “Competition of optical transitions between
direct and indirect bandgaps in Ge1- xSnx,” Appl. Phys. Lett., vol. 105, no. 5, p. 51104, 2014.
[117] S. A. Ghetmiri, W. Du, B. R. Conley, A. Mosleh, A. Nazzal, G. Sun, R. A. Soref, J.
Margetis, J. Tolle, H. A. Naseem, S. -Q. Yu, “Shortwave-infrared photoluminescence from
Ge1- xSnx thin films on silicon,” J. Vac. Sci. Technol. B, vol. 32, no. 6, p. 60601, 2014.
[118] T.-H. Cheng, K. L. Peng, C. Y. Ko, C. Y. Chen, H. S. Lan, Y. R. Wu, C. W. Liu, H. H.
Tseng, “Strain-enhanced photoluminescence from Ge direct transition,” Appl. Phys. Lett.,
vol. 96, no. 21, p. 211108, 2010.
[119] H. M. Van Driel, A. Elci, J. S. Bessey, and M. O. Scully, “Photoluminescence spectra of
germanium at high excitation intensities,” Solid State Commun., vol. 20, no. 9, pp. 837–840,
1976.
[120] A. E. Mayer and E. C. Lightowlers, “Accurate determination of the exciton energy gap
and the LA and LO momentum-conserving phonon energies in germanium,” J. Phys. C Solid
State Phys., vol. 12, no. 13, p. L507, 1979.
[121] T. H. Cheng, C. Y. Ko, C. Y. Chen, K. L. Peng, G. L. Luo, C. W. Liu, H. H. Tseng,
“Competitiveness between direct and indirect radiative transitions of Ge,” Appl. Phys. Lett.,
vol. 96, no. 9, p. 91105, 2010.
[122] R. R. Lieten, K. Bustillo, T. Smets, E. Simoen, J. W. Ager III, E. E. Haller, and J.-P.
Locquet, “Photoluminescence of bulk germanium,” Phys. Rev. B, vol. 86, no. 3, p. 35204,
2012.
[123] L. Jiang, J. D. Gallagher, C. L. Senaratne, T. Aoki, J. Mathews, J. Kouvetakis, and J.
Menendez, “Compositional dependence of the direct and indirect band gaps in Ge1- ySny
alloys from room temperature photoluminescence: implications for the indirect to direct gap

132

crossover in intrinsic and n-type materials,” Semicond. Sci. Technol., vol. 29, no. 11, p.
115028, 2014.
[124] S. Q. Yu, S. A. Ghetmiri, W. Du, J. Margetis, Y. Zhou, A. Mosleh, S. Al-Kabi, A.
Nazzal, G. Sun, R. A. Soref, J. Tolle, B. Li, H. A. Naseem, “Si based GeSn light emitter:
mid-infrared devices in Si photonics,” in SPIE OPTO, 2015, p. 93670R–93670R.
[125] R. Soref, “Mid-infrared photonics in silicon and germanium,” Nat. Photonics, vol. 4, no.
8, pp. 495–497, 2010.
[126] G. Sun, R. A. Soref, and H. H. Cheng, “Design of an electrically pumped
SiGeSn/GeSn/SiGeSn double-heterostructure midinfrared laser,” J. Appl. Phys., vol. 108, no.
3, p. 33107, 2010.
[127] R. Soref, D. Buca, and S.-Q. Yu, “Group IV Photonics: Driving Integrated
Optoelectronics,” Opt. Photonics News, vol. 27, no. 1, pp. 32–39, 2016.
[128] M. Oehme, J. Werner, M. Gollhofer, M. Schmid, M. Kaschel, E. Kasper, and J. Schulze,
“Room-temperature electroluminescence from GeSn light-emitting pin diodes on Si,” IEEE
Photonics Technol. Lett., vol. 23, no. 23, pp. 1751–1753, 2011.
[129] M. Kaschel, M. Schmid, M. Gollhofer, J. Werner, M. Oehme, and J. Schulze, “Roomtemperature electroluminescence from tensile strained double-heterojunction Germanium pin
LEDs on Silicon substrates,” Solid-State Electron., vol. 83, pp. 87–91, 2013.
[130] H. H. Tseng, K. Y. Wu, H. Li, V. Mashanov, H. H. Cheng, G. Sun, and R. A. Soref,
“Mid-infrared electroluminescence from a Ge/Ge0.922Sn0.078/Ge double heterostructure pin
diode on a Si substrate,” Appl. Phys. Lett., vol. 102, no. 18, p. 182106, 2013.
[131] J. P. Gupta, N. Bhargava, S. Kim, T. Adam, and J. Kolodzey, “Infrared
electroluminescence from GeSn heterojunction diodes grown by molecular beam epitaxy,”
Appl. Phys. Lett., vol. 102, no. 25, p. 251117, 2013.
[132] Y. Zhou, W. Dou, W. Du, T. Pham, S. A. Ghetmiri, S. Al-Kabi, A. Mosleh, M. Alher, J.
Margetis, J. Tolle, G. Sun, R. A. Soref, B. Li, M. Mortazavi, H. A. NAseem, S. -Q. Yu,
“Systematic study of GeSn heterostructure-based light-emitting diodes towards mid-infrared
applications,” J. Appl. Phys., vol. 120, no. 2, p. 23102, 2016.
[133] C. L. Senaratne, P. M. Wallace, J. D. Gallagher, P. E. Sims, J. Kouvetakis, and J.
Menendez, “Direct gap Ge1-ySny alloys: Fabrication and design of mid-IR photodiodes,” J.
Appl. Phys., vol. 120, no. 2, p. 25701, 2016.
[134] B. Schwartz, M. Oehme, K. Kostecki, D. Widmann, M. Gollhofer, R. Koerner, S.
Bechler, I. A. Fischer, T. Wendav, E. Kasper, J Schulze, M. Kittler, “Electroluminescence of
GeSn/Ge MQW LEDs on Si substrate,” Opt. Lett., vol. 40, no. 13, pp. 3209–3212, 2015.
[135] D. Stange, N. von den Driesch, D. Rainko, C. Schulte-Braucks, S. Wirths, G. Mussler, A.
T. Tiedemann, T. Stoica, J. M. Hartmann, Z. Ikonic, S. Mantle, D. Grutzmacher, D. Buca,
133

“Study of GeSn based heterostructures: towards optimized group IV MQW LEDs,” Opt.
Express, vol. 24, no. 2, pp. 1358–1367, 2016.
[136] S. L. Chuang, Physics of photonic devices, vol. 80. John Wiley & Sons, 2012.
[137] G.-E. Chang, S.-W. Chang, and S. L. Chuang, “Theory for n-type doped, tensile-strained
Ge-SixGeySn1-x-y quantum-well lasers at telecom wavelength,” Opt. Express, vol. 17, no. 14,
pp. 11246–11258, 2009.
[138] Y.-H. Zhu, Q. Xu, W.-J. Fan, and J.-W. Wang, “Theoretical gain of strained GeSn0.
02/Ge1-x-ySixSny quantum well laser,” J. Appl. Phys., vol. 107, no. 7, p. 3108, 2010.
[139] P. Moontragoon, N. Vukmirovic, Z. Ikonic, and P. Harrison, “SnGe asymmetric quantum
well electroabsorption modulators for long-wave silicon photonics,” IEEE J. Sel. Top.
Quantum Electron., vol. 16, no. 1, pp. 100–105, 2010.
[140] G. Sun, R. A. Soref, and H. H. Cheng, “Design of a Si-based lattice-matched roomtemperature GeSn/GeSiSn multi-quantum-well mid-infrared laser diode,” Opt. Express, vol.
18, no. 19, pp. 19957–19965, 2010.
[141] N. Yahyaoui, N. Sfina, J.-L. Lazzari, A. Bournel, and M. Said, “Wave-function
engineering and absorption spectra in Si0.16Ge0.84/Ge0.94Sn0.06/Si0.16Ge0.84 strained on relaxed
Si0.10Ge0.90 type I quantum well,” J. Appl. Phys., vol. 115, no. 3, p. 33109, 2014.
[142] A. Mosleh, M. Alher, W. Du, L. C. Cousar, S. A. Ghetmiri, S. Al-Kabi, W. Dou, P. C.
Grant, G. Sun, R. A. Soref, B. Li, H. A. Naseem, S. -Q. Yu, “SiyGe1-x-ySnx films grown on Si
using a cold-wall ultrahigh-vacuum chemical vapor deposition system,” J. Vac. Sci. Technol.
B, vol. 34, no. 1, p. 11201, 2016.
[143] G.-E. Chang, S.-W. Chang, and S. L. Chuang, “Strain-balanced multiple-quantum-well
lasers,” IEEE J. Quantum Electron., vol. 46, no. 12, pp. 1813–1820, 2010.
[144] M. Jaros, “Simple analytic model for heterojunction band offsets,” Phys. Rev. B, vol. 37,
no. 12, p. 7112, 1988.
[145] H. Tran, W. Du, S. A. Ghetmiri, A. Mosleh, G. Sun, R. A. Soref, J. Margetis, J. Tolle, B.
Li, H. A. Naseem, S. -Q. Yu, “Systematic study of Ge1- xSnx absorption coefficient and
refractive index for the device applications of Si-based optoelectronics,” J. Appl. Phys., vol.
119, no. 10, p. 103106, 2016.
[146] A. A. Tonkikh, C. Eisenschmidt, V. G. Talalaev, N. D. Zakharov, J. Schilling, G.
Schmidt, and P. Werner, “Pseudomorphic GeSn/Ge (001) quantum wells: Examining
indirect band gap bowing,” Appl. Phys. Lett., vol. 103, no. 3, p. 32106, 2013.
[147] P. Werle, F. Slemr, K. Maurer, R. Kormann, R. Mücke, and B. Jänker, “Near-and midinfrared laser-optical sensors for gas analysis,” Opt. Lasers Eng., vol. 37, no. 2, pp. 101–114,
2002.

134

[148] A. Krier, H. H. Gao, V. V. Sherstnev, and Y. Yakovlev, “High power 4.6 µm light
emitting diodes for CO detection,” J. Phys. Appl. Phys., vol. 32, no. 24, p. 3117, 1999.
[149] X. Cui, C. Lengignon, W. Tao, W. Zhao, G. Wysocki, E. Fertein, C. Coeur, A. Cassez, L.
Croize, W. Chen, Y. Wang, W. Zhang, X. Gao, W. Liu, Y. Zhang, F. Dong, “Photonic
sensing of the atmosphere by absorption spectroscopy,” J. Quant. Spectrosc. Radiat. Transf.,
vol. 113, no. 11, pp. 1300–1316, 2012.
[150] W. Dobbelaere, J. De Boeck, C. Bruynseraede, R. Mertens, and G. Borghs, “InAsSb light
emitting diodes and their applications to infra-red gas sensors,” Electron. Lett., vol. 29, no.
10, pp. 890–891, 1993.
[151] M. B. Wootten, J. Tan, Y. J. Chien, J. T. Olesberg, and J. P. Prineas, “Broadband 2.4 μm
superluminescent GaInAsSb/AlGaAsSb quantum well diodes for optical sensing of
biomolecules,” Semicond. Sci. Technol., vol. 29, no. 11, p. 115014, 2014.
[152] R. Soref, “Applications of silicon-based optoelectronics,” MRS Bull., vol. 23, no. 4, pp.
20–24, 1998.
[153] W. Du, S. A. Ghetmiri, Y. Zhou, A. Mosleh, H. Naseem, S.-Q. Yu, J. Tolle, J. Margetis,
R. A. S., G. Sun, B. Li, “Si-based GeSn edge-emitting LEDs with Sn compositions up to
8%,” in 2015 IEEE Summer Topicals Meeting Series (SUM), 2015, pp. 191–192.
[154] S. A. Ghetmiri, W. Du, Y. Zhou, J. Margetis, T. Pham, A. Mosleh, B. Conley, A. Nazzal,
G. Sun, R. Soref, J. Tolle, H. A. Naseem, B. Li, S. -Q. Yu, “Temperature-dependent
Characterization of Ge0.94Sn0.06 Light-Emitting Diode Grown on Si via CVD,” in CLEO:
Applications and Technology, 2015, p. ATu1J–6.
[155] Y. Dong, W. Wang, D. Lei, X. Gong, Q. Zhou, S. Y. Lee, W. K. Loke, S.-F. Yoon, E. S.
Tok, G. Liang, Y. C. Yeo, “Suppression of dark current in germanium-tin on silicon pin
photodiode by a silicon surface passivation technique,” Opt. Express, vol. 23, no. 14, pp.
18611–18619, 2015.
[156] O. Boyraz and B. Jalali, “Demonstration of a silicon Raman laser,” Opt. Express, vol. 12,
no. 21, pp. 5269–5273, 2004.
[157] J. Liu, X. Sun, D. Pan, X. Wang, L. C. Kimerling, T. L. Koch, and J. Michel, “Tensilestrained, n-type Ge as a gain medium for monolithic laser integration on Si,” Opt. Express,
vol. 15, no. 18, pp. 11272–11277, 2007.
[158] Z. Wang, B. Tian, M. Pantouvaki, W. Guo, P. Absil, J. Van Campenhout, C. Merckling,
D. Van Thourhout, “Room-temperature InP distributed feedback laser array directly grown
on silicon,” Nat. Photonics, vol. 9, no. 12, pp. 837–842, 2015.
[159] S. Chen, W. Li, J. Wu, Q. Jiang, M. Tang, S. Shutts, S. N. Elliott, A. Sobiesierski, A. J.
Seeds, I. Ross, P. M. Smowton, H. Liu, “Electrically pumped continuous-wave III–V
quantum dot lasers on silicon,” Nat. Photonics, 2016.
135

[160] D. Stange, S. Wirths, R. Geiger, C. Schulte-Braucks, B. Marzban, N. von den Driesch, G.
Mussler, T. Zabel, T. Stoica, J.-M. Hartmann, S. Mantl, Z. Ikonic, D. Grutzmacher, H. Sigg,
J. Witzens, D. Buca, “Optically Pumped GeSn Microdisk Lasers on Si,” ACS Photonics, vol.
3, no. 7, pp. 1279–1285, 2016.
[161] J. M. Khosrofian and B. A. Garetz, “Measurement of a Gaussian laser beam diameter
through the direct inversion of knife-edge data,” Appl. Opt., vol. 22, no. 21, pp. 3406–3410,
1983.
[162] M. A. de Araújo, R. Silva, E. de Lima, D. P. Pereira, and P. C. de Oliveira,
“Measurement of Gaussian laser beam radius using the knife-edge technique: improvement
on data analysis,” Appl. Opt., vol. 48, no. 2, pp. 393–396, 2009.
[163] H. C. Casey Jr, “Temperature dependence of the threshold current density in InPGa0.28In0.72As0.6P0.4 (λ= 1.3 μm) double heterostructure lasers,” J. Appl. Phys., vol. 56, no. 7,
pp. 1959–1964, 1984.
[164] R. C. Miller, R. Dingle, A. C. Gossard, R. A. Logan, W. A. Nordland Jr, and W.
Wiegmann, “Laser oscillation with optically pumped very thin GaAs-AlxGa1- xAs multilayer
structures and conventional double heterostructures,” J. Appl. Phys., vol. 47, no. 10, pp.
4509–4517, 1976.

136

Appendix A: Optical Alignment Procedure
This appendix explains the required procedure for the optical alignment of the PL setup.
In fact, the following steps could be employed for every optical characterization setups working
based on excitation, collection, and optical detection.
1- Make sure all safety issues (including wearing goggles, turning on the laser lamp sign, …)
have been conducted prior to turning on the laser.
2- Turn on the 532 nm CW laser and reduce the power to 5 mW using neutral density filter.
3- Turn on the lock-in amplifier and the chopper.
4- Set the spectrometer entrance and exit slit to zero and set the spectrometer wavelength to the
wavelength of the laser.
5- Attach an optical rail to the optical table at least 10 inches far from the laser.
6- Prepare two rail carriers with posts and post holders.
7- Attach the pinholes to the posts on the rail carriers and set the height of the pinholes’ centers
to be 5 inches higher than the optical table top.
8- Put one pinhole at the beginning of the rail and another one at the end of the rail.
9- Align the laser beam path, so the laser beam passes exactly through the centers of the
pinholes.
10- Use a proper mirror to shine the laser beam to a diffuser (where sample will be mounted).
11- Collect the diffused light in front of the diffuser using a proper collecting lens.
12- Provide a rail and rail carrier system (similar to the one mentioned in 7) and align the beam
towards the spectrometer.
13- Use a leveler to properly balance the spectrometer height.
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14- Adjust the vertical entrance and exit slits of the spectrometer to be 5 inches higher than the
optical table top.
15- Use a proper lens to focus the collected diffused beam to the entrance slit of the spectrometer
with the slit width of zero.
16- Continuously monitor the lock-in read out to make sure that the detector and lock-in do not
go to saturation and overload condition.
17- Slowly adjust the detector height until maximum signal is achieved by the lock-in.
18- Use the adjustment screws in the detector housing to further maximizing the signal.
19- Once the maximum signal was achieved, properly tighten the detector inside the detector
housing.
20- Once the diffuser is replaced by a real sample for the PL measurement, play with the samplecollecting lens distance and focusing lens-spectrometer distance to maximize the PL signal.
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Appendix B: List of Parameters Used in 6-band K.P Bandgap Calculation
Parameters
aL
C11

Si
0.54307 nm
165.77

Ge
0.56573 nm
128.53

α-Sn
0.64892 nm
69

C12

63.93

58.26

29.3

γ1

4.22

13.38

-14.97

γ1
meff

0.39
0.528m0

4.24
0.038m0

-10.61
0.058m0

mlL

1.659m0

1.578m0

1.478m0

mtL

0.0133m0

0.807m0

0.075m0

Direct bandgap

EΓ

4.185 eV

0.798 eV

-0.413 eV

Indirect bandgap

EL

1.65 eV

0.664 eV

0.092 eV

ΔSO

0.044 eV

0.29 V

0.8 eV

Deformation
potentials

ac
aL
aV
bV

-10.06 eV
-0.66 eV
2.46 eV
-2.1 eV

-8.24 eV
-1.54 eV
1.24 eV
-2.9 eV

-6.00 eV
-2.14 eV
1.58 eV
-2.7 eV

Valence Band
offset (average)

ΔEvaverage

-0.48 eV

0

0.69 eV

Lattice and elastic
constants
Luttinger
parameters
Effective mass
Longitudinal
mass
Transversal mass

139

Appendix C: Description of Research for Popular Publication
The 21st century is the information and communication age. Human life closely depends
on the information transferred from one place to another. Communication technology has a huge
market all around the world, and companies have tried to provide communication devices with
high performance and cost effective price for their services to the customers; however, increasing
demand for data communication brings about challenges for the traditional devices, such as
computers, phones, and the internet. Thus far, the communication technology is based on the
conventional digital electronics. Although long-distance telecommunication is benefited by optical
fiber technology, the short-distance data transfer still depends upon the transistor-based circuits.
Influential companies in the field of data communication have confronted an issue that they are no
longer able to reduce the size of the transistors in their integrated circuit packages due to the
physical limit. Moreover, the current high-density integrated electronic circuits with billions of
transistors generate a huge amount of heat that eventually suppress the efficiency of the devices.
A few decades ago, researchers came up with a new concept called Photonics and
Optoelectronics. The concept was based on the exploitation of massless photons instead of
electrons in the whole framework of data communication. On the other hand, the well-established
Si electronic infrastructure with Si CMOS platform was a powerful basis to develop the photonic
and optoelectronic technology. At the beginning of 21st century, Si-based photonics and
optoelectronic devices for photonic integrated circuits (PICs) were already introduced and studied.
The only obstacle that hinders the commercialization of PICs is a highly efficient Si-based emitter.
Even though Si has impressive electronic and photonic capabilities, it is not an efficient emitter
for PICs.
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A technology based on silicon-germanium-tin (SiGeSn) alloys has demonstrated a specific
capability to provide not only highly efficient Si-based emitters, but also a viable platform for the
PICs structures. The SiGeSn/GeSn optoelectronic devices cover the wavelengths from 1 µm to 12
µm, suitable for communication, sensing, and military applications
Currently, the University of Arkansas is one of the pioneers in the SiGeSn/GeSn research
in the world. The developed growth capability, device fabrication systems, and characterization
equipment are locally prepared to thoroughly investigate the SiGeSn/GeSn technology. A part of
SiGeSn/GeSn research was mainly focused on discovering the emission capabilities of GeSn
materials for Si-based lasers and light emitting devices. That direction was systematically pursued
by Seyed Amir Ghetmiri, a PhD candidate in the Microelectronics-Photonics graduate program at
the University of Arkansas. The results of that research were directed to the first demonstration of
direct bandgap GeSn material. “The direct bandgap GeSn is the essential component of the highly
efficient Si-based GeSn lasers and light emitting diodes,” said Mr. Ghetmiri. “The direct bandgap
GeSn lasers can pave the way for commercialization of cost- effective photonic and optoelectronic
integrated circuits.” Increasing the efficiency of SiGeSn/GeSn light emitters will be the next stage
towards the realization of all-optical photonic circuits for the future of data communication and
sensing applications.
The SiGeSn research group under the supervision of Dr. Shui-Qing (Fisher) Yu, Professor
of Electrical Engineering, has demonstrated a breakthrough achievement in that research and their
accomplishments have been published in tens of peer-reviewed scientific journals and conference
proceedings.
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Appendix D: Executive Summary of Newly Created Intellectual Property

1. First demonstration of the direct bandgap high quality crystalline GeSn film.
2. A design for integration of multiple optical characterization setups with accurately
aligned optical paths to measure photoluminescence with different excitation lasers,
optical pumping experiment for lasing study for visible and infrared applications.
3.

A method to efficiently bond the lapped edge-emitting devices to a Si chip for
temperature-dependent electrical and optical characterizations.
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Appendix E: Potential Patent and Commercialization Aspects of Listed Intellectual
Property Items

E.1 Patentability of Intellectual Property (Could Each Item be Patented)
The three items listed were considered first from the perspective of whether or not the
item could be patented.
1. Demonstration of the first ever reported direct bandgap GeSn crystalline film might
be patentable; however, high quality GeSn crystalline films with high Sn
composition, achieved by ASM, enabled this demonstration of direct bandgap GeSn.
ASM has already filed a patent regarding the growth process of high quality GeSn
films.
2. The design for integration of multiple optical characterization setups could not be
patented because it would be obvious to those skilled in this research field.
3. The method to efficiently bond the lapped edge-emitting devices to a Si chip for
temperature-dependent electrical and optical characterizations could not be patented
because it would be obvious to those skilled in this research field.
E.2 Commercialization Prospects (Should Each Item Be Patented)
The three items listed were then considered from the perspective of whether or not the
item should be patented.
1. ASM owns the owns the intellectual property for the growth of high quality GeSn.
They have filed a patent for the growth technique.
2. Not applicable
3. Not applicable
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E.3 Possible Prior Disclosure of IP
The following items were discussed in a public forum or have published information that
could impact the patentability of the listed IP.
1. The results of the first demonstration of direct bandgap GeSn high quality crystalline
films were publicly disclosed in a journal article (Applied Physics Letters 105 (15)
151109 (2014)) and also presented in the subsequent publications from ASM.
2. Not applicable
3. Not applicable
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Appendix F: Broader Impact of Research

F. 1 Applicability of Research Methods to Other Problems
The information provided in this dissertation is a baseline for understanding the GeSn
materials for light emitting devices. The analysis applied in this work could even provide necessary
information for the other GeSn and SiGeSn optoelectronic devices, such as photodetectors and
waveguides for Si photonics.

F. 2 Impact of Research Results on U.S. and Global Society
The commercialization of cost-effective GeSn and SiGeSn lasers and LEDs could make a
huge impact on the current expensive III-V optoelectronic devices, such as GaAs-based lasers and
LEDs. Reduction of device cost by implementing GeSn and SiGeSn technology in the
optoelectronic market saves a huge amount of money and will be profitable for the companies
dealing with the production of optoelectronic devices and also the data communication industries.
Results achieved in this project can be used to solve a part of the grand challenge of incorporating
optical devices into electronic industry by utilizing the infrastructure that has been developed over
the last 50 years in the electronics industry. The research demonstrated that devices made from
Ge and Sn, which are of the same group of elements in periodic table can resolve the issue of
incorporation of photonic devices in a Si chip. More than 250 citations of the GeSn research work
in this group in less than four years clearly indicate the significance of this research for the US and
global society.

F. 3 Impact of Research Results on the Environment
Solar cells are shown to be a good candidate for a renewable clean energy source that have
been used to power civilian sites as well as space exploration missions launched to date. The main
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challenges that solar cell technology is facing is high cost and low efficiency. The cost of the cells
are due to the substrates as well as the growth and fabrication costs. This work is particularly
important to reduce the cost and efficiency of solar cells using GeSn and SiGeSn technology.
The highly efficient light emitters based on GeSn and SiGeSn materials are capable of
being used for the gas sensing and bio sensing applications. Short-wave infrared range of spectrum
is important since absorption of several toxic gases, including CO and CO2 takes place in that
range of wavelength. Current infrared gas sensors have a reputation for being complicated and
expensive. The GeSn light emitting diodes, presented in this work, has a potential to provide less
expensive gas sensors compatible with Si substrate platform.
Moreover, the GeSn-based photodetectors could provide a cost effective night vision
cameras for both military and civil purposes. The current technology based on III-V materials are
not economic to be used for civil applications.
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Appendix G: Microsoft Project for MicroEP PhD Degree Plan
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Appendix H: Identification of All Software Used in Research and Dissertation Generation

Computer #1:
Model Number: Asus
Serial Number: ALTEC– A53E
Location: Personal Laptop
Owner: Seyed Amir Ghetmiri
Software #1:
Name: Microsoft Office 2016
Purchased by: Electrical Engineering Department, University of Arkansas
Software #2:
Name: Microsoft Project 2016
Provided by: Microelectronics-Photonics, University of Arkansas
Software #3:
Name: Matlab R2016a Student Version
Provided by: University of Arkansas
Software #4:
Name: Zotero (Basic)
Purchased by: Free add-in tab is available online in Fire Fox search engine
Software #5:
Name: 1D and 2D TEM Solver
Provided by: Free online link available
Computer #2:
Model Number: Dell Vostro
Serial Number: 52M6XK1
Location: ENRC Room 2923
Owner: Dr. Shui-Qing Yu
Software #1:
Name: SynerJY with built-in Origin software
Purchased by: Dr. Shui-Qing Yu
Software #2:
Name: LabVIEW 2016
Purchased by: Electrical Engineering Department, University of Arkansas
Computer #2:
Model Number: Dell Inspiron
Serial Number: 52M6XK1
Location: ENRC Room 2923
Owner: Dr. Shui-Qing Yu
Software #1:
Name: SynerJY with built-in Origin software
Purchased by: Dr. Shui-Qing Yu
Software #2:
Name: LabVIEW 2016
Purchased by: Electrical Engineering Department, University of Arkansas

148

Appendix I: All Publications Published, Submitted and Planned
I. 1 List of Peer Reviewed Published Works (Reverse Chronological)

24 S. Al-Kabi, S. A. Ghetmiri, J. Margetis, T. Pham, Y. Zhou, B. Collier, R. Quinde, W. Du,
A. Mosleh, J. Liu, G. Sun, R. A. Soref, J. Tolle, B. Li, M. Mortazavi, H. A. Naseem, and
S.-Q. Yu, “An optically pumped 2.5 µm GeSn laser on Si operating at 110 K”, Appl. Phys.
Lett., 109, 171105, (2016).
23 W. Dou, S. A. Ghetmiri, S. Al-kabi, A. Mosleh, W. Du, G. Sun, R. A. Soref, J. Margetis,
J. Tolle, B. Li, M. Mortazavi, H. A. Naseem, S.-Q. Yu, “CVD Grown Pseudomorphic
GeSn/GeSn and SiGeSn/GeSn Single Quantum Wells”, J. Electron Mater, (2016).
doi:10.1007/s11664-016-5031-2
22 S. Al-kabi, S. A. Ghetmiri, J. Margetis, A. Mosleh, W. Dou, W. Du, G. Sun, R. A. Soref,
J. Tolle, B. Li, M. Mortazavi, H. A. Naseem, S.-Q. Yu, “High Quality CVD Grown Thick
GeSn Samples with Enhanced Photoluminescence Intensity”, J. Electron Mater, (2016).
doi:10.1007/s11664-016-5028-x
21 Wei Du, S Al-Kabi, S. A. Ghetmiri, H. Tran, T. Pham, B. Alharthi, A. Mosleh, J.
Margetis, J. Tolle, H. A Naseem, M. Mortazavi, G. Sun, R. Soref, B Li, S.-Q. Yu,
“Development of SiGeSn Technique Towards Mid-Infrared Devices in Silicon
Photonics” ECS Transactions, 75, 231 (2016).
20 Y. Zhou, W. Dou, W. Du, T. Pham, S. A. Ghetmiri, S. Al-Kabi, A. Mosleh, M. Alher, J.
Margetis, J. Tolle, G. Sun, R. A. Soref, B. Li, M. Mortazavi, H. A. Naseem, S. -Q. Yu,
“Systematic study of GeSn heterostructure-based light-emitting diodes towards midinfrared applications”, J. Appl. Phys. 120, (2), 023102 (2016).
19 H. Tran, W. Du, S. A. Ghetmiri, A. Mosleh, G. Sun, R. A. Soref, J. Margetis, J. Tolle, B.
Li, H. A. Naseem, S.-Q Yu, “Systematic study of Ge1− xSnx absorption coefficient and
refractive index for the device applications of Si-based optoelectronics”, J. Appl. Phys.
119 (10), 103106 (2016).
18 A. Mosleh, M. Alher, W. Du, L. Cousar, S. A. Ghetmiri, S. Al-Kabi, W. Dou, P. C.
Grant, G. Sun, R. A. Soref, B. Li, H. A. Naseem, S.-Q. Yu, “Buffer-free GeSn and
SiGeSn growth on Si substrate using in-situ SnD4 gas mixing”, J. Electron. Mater. 45 (4),
2051 (2016).
17 A. Mosleh, M. Alher, W. Du, L. Cousar, S. A. Ghetmiri, S. Al-Kabi, W. Dou, P. C
Grant, G. Sun, R. A. Soref, B. Li, H. A. Naseem, S. –Q. Yu, “SiyGe1− x− ySnx films grown
on Si using a cold-wall ultrahigh-vacuum chemical vapor deposition system”, J. Vac. Sci.
Technol. B, 34 (1), 011201 (2016). Selected as one of the featured articles of the month.

149

16 S. Al-Kabi, S. A. Ghetmiri, J. Margetis, W. Du, A. Mosleh, M. Alher, W. Dou, G. Sun,
R. A. Soref, J. Tolle, B. Li, M. Mortazavi, H. A. Naseem, S.-Q. Yu, “Optical
characterization of Si-based Ge1-xSnx alloys with Sn compositions up to 12%”, J.
Electron. Mater., 45 (4) 2133 (2015). Highlighted by editor-in-chief as one of the best
articles.
15 A. Mosleh, M. A Alher, L. Cousar, H. H. Abusafe, W. Dou, P. Grant, S. Al-Kabi, S. A.
Ghetmiri, B. Alharthi, H. Tran, W. Du, M. Benamara, B. Li, M. Mortazavi, S.-Q. Yu, H.
A Naseem, “Enhancement of Material Quality of (Si) GeSn Films Grown by SnCl4
Precursor”, ECS Transactions, 69 (5), 279 (2015).
14 M. Alher, A. Mosleh, L. Cousar, W. Dou, P. Grant, S. A. Ghetmiri, S. Al-Kabi, W. Du,
M. Benamara, B. Li, M. Mortazavi, S.-Q. Yu, H. A Naseem, “CMOS Compatible Growth
of High Quality Ge, SiGe and SiGeSn for Photonic Device Applications”, ECS
Transactions, 69 (5), 269 (2015).
13 A. Mosleh, M. A. Alher, L. Cousar, W. Du, S.A. Ghetmiri, T. Pham, G. Sun, R.A. Soref,
B. Li, H.A. Naseem, S. Yu, “Direct growth of Ge1-xSnx films on Si using a cold-wall ultrahigh vacuum chemical vapor deposition system”, Frontiers in Materials, 2, 30, (2015).
12 B. R. Conley, J. Margetis, W. Du, H. Tran, A. Mosleh, S. A. Ghetmiri, J. Tolle, G. Sun,
R. Soref, B. Li, H. A. Naseem, and S.-Q. Yu, “Si based GeSn photoconductors with a
1.63 A/W peak responsivity and a 2.4 μm long-wavelength cutoff”, Appl. Phys. Lett., 105,
221117, (2014).
11 S.A. Ghetmiri, W. Du, J. Margetis, A. Mosleh, L. Cousar, B.R. Conley, L. Domulevicz,
A. Nazzal, G. Sun, R.A. Soref, J. Tolle, B. Li, H.A. Naseem, S. Yu, “Direct-bandgap GeSn
grown on Silicon with 2230 nm photoluminescence,”, Appl. Phys. Lett., 105, 151109,
(2014).
10 S.A. Ghetmiri, W. Du, B.R. Conley, A. Mosleh, A. Nazzal, G. Sun, R.A. Soref, J.
Margetis, J. Tolle, H.A. Naseem, S. Yu, “Shortwave-infrared photoluminescence from Ge1xSnx thin films on silicon,” J. Vac. Sci. & Technol. B. 32, 06060, (2014). Highlighted by
editor-in-chief as one of the featured articles of the month.
9 B. R. Conley, A. Mosleh, S. A. Ghetmiri, W. Du, R. A. Soref, G. Sun, J Margetis, J.
Tolle, H. A. Naseem, and S.-Q. Yu, "Temperature dependent spectral response and
detectivity of GeSn photoconductors on silicon for short wave infrared detection," Opt.
Express 22, no. 13, 15639, (2014). The article was highlighted in the science news.
(https://www.sciencedaily.com/releases/2014/09/140918121338.htm).
8 W. Du., S. A. Ghetmiri, B. R. Conley, A. Mosleh, A. Nazzal, R. A. Soref, G. Sun, J.
Tolle, J. Margetis, H. A. Naseem, S.-Q. Yu, "Competition of optical transitions between
direct and indirect bandgaps in Ge1− xSnx," Appl. Phys. Lett. 105, 051104, (2014).

150

7 J. Margetis, S. A. Ghetmiri, W. Du, B. R. Conley, A. Mosleh, R. A. Soref, G. Sun, L.
Domulevicz, H. A. Naseem, S.-Q. Yu, and J. Tolle, “Growth and Characterization of
Epitaxial Ge1-xSnx Alloys and Heterostructures Using a Commercial CVD System,” ECS
Transactions, 64 (6), 711, (2014).
6 B. R. Conley, A. Mosleh, S. A. Ghetmiri, W. Du, G. Sun, R. A. Soref, J Margetis, J.
Tolle, H. A. Naseem and S.-Q. Yu, “Stability of Pseudomorphic and Compressively
Strained Ge1-xSnx Thin Films under Rapid Thermal Annealing,” ECS Transactions, 64
(6) 881, (2014).
5 A. Mosleh, S. A. Ghetmiri, B. R. Conley, H. Abu-safe, M. Benamara, Z. Waqar, S.-Q.
Yu, H. A. Naseem, “Investigation of Growth Mechanism and Role of H2 in Very Low
Temperature Si Epitaxy,” ECS Transactions, 64 (6), 967, (2014).
4 A. Mosleh, M. Benamara, S. A. Ghetmiri, B. R. Conley, M. A. Alher, W. Du, G. Sun, R.
A. Soref, J. Margetis, J. Tolle, S.-Q. Yu, and H. A. Naseem, "Investigation on Formation
and Propagation of Defects in Ge1-x Snx Thin Films," ECS Transactions. 64, 895, (2014).
3 W. Du., Y. Zhou, S. A. Ghetmiri, A. Mosleh, B. R. Conley, A. Nazzal, R. A. Soref, G.
Sun, J. Tolle, J. Margetis, H. A. Naseem, S.-Q. Yu, "Room-temperature
electroluminescence from Ge/Ge1-xSnx/Ge diodes on Si substrates," Appl. Phys. Lett. 104,
no. 24, 241110, (2014).
2 A. Mosleh, S. A. Ghetmiri, B. R. Conley, M. Hawkridge, M. Benamara, A. Nazzal, J.
Tolle, S.-Q. Yu, H. A. Naseem, “Material characterization of Ge1-xSnx alloys using a
commercial CVD system for Optoelectronic Device Applications,” J. Electron Mater,
43(4), 938 (2014).
1 H. Zhou, H. Deng, S. A Ghetmiri, H. H. Abu-Safe, S.-Q. Yu, X. Yang, Z R. Tian,
“Optimizing height and packing density of oriented one-dimensional photocatalysts for
efficient water photoelectrolysiss,” J. Phys. Chem. C 117 (40) 20778 (2013).

I. 2 List of Conference Proceedings and Publications

16 W. Dou, S. A. Ghetmiri, S. Al-Kabi, A. Mosleh, W. Du, G. Sun, R. A. Soref, J.
Margetis, J. Tolle, B. Li, M. Mortazavi, H. A. Naseem, S.-Q. Yu, “CVD Grown
Pseudomorphic GeSn/GeSn and SiGeSn/GeSn Single Quantum Wells”, accepted for
EMC conference 2016.
15 S. Al-Kabi, S. A. Ghetmiri, J. Margetis, A. Mosleh, W. Dou, W. Du, G. Sun, R. A.
Soref, J. Tolle, B. Li, M. Mortazavi, H. A. Naseem, S.-Q. Yu, “High Quality CVD
Grown Thick GeSn Samples with Enhanced Photoluminescence Intensity”, accepted for
EMC conference 2016.

151

14 W. Du, S. A. Ghetmiri, S. Al-Kabi, A. Mosleh, J. Margetis, J. Tolle, G. Sun, R. A. Soref,
B. Li, H. A. Naseem, S.-Q. Yu, M. Mortazavi, “Optical study of
Ge0.95Sn0.05/Ge0.9Sn0.1/Ge0.95Sn0.05 quantum-well towards group-IV based light source on
Si”, accepted for CLEO conference 2016.
13 Y. Zhou, W. Du, W. Dou, T. Pham, A. Mosleh, S. A. Ghetmiri, S. Al-Kabi, J. Margetis,
J. Tolle, G. Sun, R. A. Soref, B. Li, M. Mortazavi, H. A. Naseem, S.-Q. Yu, “Systematic
study of Si based Ge0.9Sn0.1 light emitting diode toward mid-infrared application”,
accepted for CLEO conference 2016.
12 W. Du, T. Pham, J. Margetis, H. Tran, S. A Ghetmiri, A. Mosleh, G. Sun, R. A Soref, J.
Tolle, H. A Naseem, B. Li, S.-Q Yu, “Si based mid-infrared GeSn photo detectors and
light emitters”, SPIE Nanoscience and engineering Aug. (2015).
11 W. Du, S. A Ghetmiri, Y. Zhou, A. Mosleh, H.A. Naseem, S.-Q. Yu, J. Tolle, J.
Margetis, R. A. Soref, G. Sun, B. Li, “Si-based GeSn edge-emitting LEDs with Sn
compositions up to 8%”, IEEE Summer Topicals Meeting July (2015).
10 S.A. Ghetmiri, W. Du, Y. Zhou, J. Margetis, T. Pham, A. Mosleh, B. Conley, A. Nazzal,
G. Sun, R. Soref, J. Tolle, H. Naseem, B. Li, S.-Q. Yu, “Temperature-dependent
Characterization of Ge0.94Sn0.06 Light-Emitting Diode Grown on Si via CVD,” CLEO:
Applications and Technology, ATu1J. 6, (2015).
9 T. Pham, B. Conley, J. Margetis, H. Tran, S. A. Ghetmiri, A. Mosleh, W. Du, G. Sun, R.
Soref, J. Tolle, H. Naseem, B. Li, S.-Q. Yu, “Enhanced Responsivity up to 2.85 A/W of
Si-based Ge0.9Sn0.1 Photoconductors by Integration of Interdigitated Electrodes,” CLEO:
Science and Innovations, STh1I. 7, (2015).
8 S.-Q. Yu, S. A. Ghetmiri, W. Du, J. Margetis, Y. Zhou, A. Mosleh, A. Nazzal, G. Sun,
R.A. Soref, J. Tolle, B. Li, and H. A. Naseem, “Si based GeSn light emitter: mid-infrared
device in Si photonics,” SPIE Photonics West, February 7-12 (2015).
7 T. Pham, W. Du, J Margetis, S. A. Ghetmiri, A. Mosleh, G. Sun, R. A. Soref, J. Tolle, H.
A. Naseem, B. Li, and S.-Q. Yu, “Temperature dependent study of Si based GeSn
photoconductor,” SPIE photonics west, February 7-12, (2015).
6 B. R. Conley, , L. Huang, S. A. Ghetmiri, A. Mosleh, W. Du, G. Sun, R. Soref, J. Tolle,
H. A. Naseem, and S.-Q. Yu, "Extended Infrared Absorption to 2.2 μm with Ge1-xSnx
Photodetectors Grown on Silicon," In CLEO: Science and Innovations, pp. SM2H-5.
Optical Society of America, (2014).
5 W. Du, S. A. Ghetmiri, A. Mosleh, B. R. Conley, L. Huang, A. Nazzal, R. Soref et al.
"Investigation of Photoluminescence from Ge1-xSnx: A CMOS-Compatible Material
Grown on Si via CVD," In CLEO: QELS_Fundamental Science, pp. JW2A-57. Optical
Society of America, (2014).

152

4 S. A. Ghetmiri, B. R. Conley, A. Mosleh, L. Huang, W. Du, A. Nazzal, G. Sun et
al."Photoluminescence from GeSn/Ge Heterostructure Microdisks with 6% Sn Grown on
Si via CVD," In CLEO: Applications and Technology, pp. AW1H-2. Optical Society of
America, (2014).
3 A. Mosleh, Z. Waqar, S.-Q.Yu, H. Abu-safe, S. A. Ghetmiri, B. R. Conley, M.
Benamara, H. A. Naseem, “Nucleation-step study of silicon homoepitaxy for lowtemperature fabrication of solar cells,” Photovoltaic Specialists Conference (PVSC),
2013 IEEE 39th , vol., no., pp.2646,2650, 16-21 June (2013).
2 A. Mosleh, S. A. Ghetmiri, B. R. Conley, S.-Q. Yu, H. A. Naseem, M. Benamara, J.
Tolle, “Strain engineering of high quality CVD grown GeSn film for optoelectronic
devices,” 55th Conference on Electronic Materials Conference, EMC (2013).
1 B. R. Conley, A. Mosleh, S. A. Ghetmiri, H. A. Naseem, J. Tolle, S.-Q. Yu. “CVD
growth GeSn using large scale Si process for higher efficient multi-junction solar cells,”
39th IEEE Photovoltaic Specialists Conference, PVSC (2013).
I.3 List of Submitted Works

I.4 List of Planned Works
1 S. A. Ghetmiri, S. Al-Kabi, J. Margetis, Y. Zhou, W. Dou, A. Mosleh, W. Du, A.
Kuchuk, J. Liu, G. Sun, R. A. Soref, J. Tolle, H. A. Naseem, B. Li, M. Mortazavi, and S.Q. Yu, “Study of SiGeSn/GeSn/SiGeSn quantum well structures towards Si based
infrared emitters,” Prepared to be submitted to Optics Letters.
2 S. A. Ghetmiri, S. Al-Kabi, J. Margetis, W. Dou, Y. Zhou, A. Mosleh, W. Du, A.
Kuchuk, J. Liu, G. Sun, R. A. Soref, J. Tolle, H. A. Naseem, B. Li, M. Mortazavi, and S.Q. Yu, “Study the effect of different excitation lasers on the PL emission of GeSn QW
structures,” To be submitted to Journal of Applied Physics.

153

Appendix J. Taken From Author’s Published Works
Chapter 3 is largely reproduced from my publications in the journal of Vacuum Science
and Technology B and Applied Physics Letters.
S. A. Ghetmiri, W. Du, J. Margetis, A. Mosleh, L. Cousar, B. R. Conley, L. Domulevicz, A.
Nazzal, G. Sun, R. A. Soref, J. Tolle, B. Li, H. A. Naseem. and S. -Q. Yu, “Direct-bandgap
GeSn grown on silicon with 2230 nm photoluminescence,” Appl. Phys. Lett., vol. 105, no. 15,
p. 151109, 2014.
S. A. Ghetmiri, W. Du, B. R. Conley, A. Mosleh, A. Nazzal, G. Sun, R. A. Soref, J. Margetis,
J. Tolle, H. A. Naseem, and S. -Q. Yu, “Shortwave-infrared photoluminescence from Ge1xSnx thin films on silicon,” J. Vac. Sci. Technol. B, vol. 32, no. 6, p. 60601, 2014.

Parts of Chapter 2 to 6 were originally published as:
S. A. Ghetmiri, W. Du, Y. Zhou, J. Margetis, T. Pham, A. Mosleh, B. Conley, A. Nazzal, G.
Sun, R. Soref, J. Tolle, H. A. Naseem, B. Li, and S. -Q. Yu, “Temperature-dependent
Characterization of Ge0.94Sn0.06 Light-Emitting Diode Grown on Si via CVD,” in CLEO:
Applications and Technology, 2015, p. ATu1J–6.

S. Al-Kabi, S. A. Ghetmiri, J. Margetis, W. Du, A. Mosleh, M. Alher, W. Dou, J. M. Grant, G.
Sun, R. A. Soref, J. Tolle, B. Li, M. Mortazavi, H. A. Naseem. and S. -Q. Yu, “Optical
Characterization of Si-Based Ge1- xSnx Alloys with Sn Compositions up to 12%,” J. Electron.
Mater., vol. 45, no. 4, pp. 2133–2141, 2016.

W. Du, S. Al-Kabi, S. A. Ghetmiri, H. Tran, T. Pham, B. Alharthi, A. Mosleh, J. Margetis, J.
Tolle, H. A. Naseem, M. Mortazavi, G. Sun, R. A. Soref, B. Li, and S. -Q. Yu, “Development of
SiGeSn Technique Towards Mid-Infrared Devices in Silicon Photonics,” in Meeting Abstracts,
2016, pp. 1940–1940.

Y. Zhou, W. Dou, W. Du, T. Pham, S. A. Ghetmiri, S. Al-Kabi, A. Mosleh, M. Alher, J.
Margetis, J. Tolle, G. Sun, R. A. Soref, B. Li, M. Mortazavi, H. A. Naseem. and S. -Q. Yu,
“Systematic study of GeSn heterostructure-based light-emitting diodes towards mid-infrared
applications,” J. Appl. Phys., vol. 120, no. 2, p. 23102, 2016.

S.-Q. Yu, S. A. Ghetmiri, W. Du, J. Margetis, Y. Zhou, A. Mosleh, A. Nazzal, G. Sun, R.A.
Soref, J. Tolle, B. Li, and H. A. Naseem, “Si based GeSn light emitter: mid-infrared device in Si
photonics,” SPIE Photonics West, February 7-12 (2015).

154

W. Du, S. A. Ghetmiri, Y. Zhou, A. Mosleh, H. Naseem, S.-Q. Yu, J. Tolle, J. Margetis, R. A.
S., G. Sun, B. Li, “Si-based GeSn edge-emitting LEDs with Sn compositions up to 8%,” in
2015 IEEE Summer Topicals Meeting Series (SUM), 2015, pp. 191–192.

155

